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ABSTRACT 
!
In this thesis the influence of processing conditions on the structure and 
optoelectronic properties of conjugated polymer:methanofullerene blend thin-films 
has been investigated. These conditions strongly impact upon the efficiency with 
which blend films may produce a photocurrent when fabricated into an Organic 
Photovoltaic (OPV) device. Using the model system P3HT:PCBM, it is shown that 
films undergo a three-stage drying process upon casting. Heterogeneous growth of 
P3HT crystallites occurs once the solid fraction in the film exceeds 50 wt%. 
Measurements from spectroscopic ellipsometry (SE) and grazing-incidence wide-
angle X-ray scattering (GIWAXS) suggest a correspondence between enhanced 
polymer crystallinity and the strength of the !-!* electronic transition in the polymer 
absorption spectrum. In-situ measurements of a blend during thermal annealing 
evidence the evolution of residual solvent loss upon heating, volume relaxation, phase 
separation and increased electronic conjugation of P3HT upon cooling.  The glass 
transition of P3HT:PCBM blend films, measured in a thin-film geometry, is found to 
correlate with the minimum effective annealing temperature for improving the power 
conversion efficiency of thermally annealed OPVs. As-cast films with 20 to 60 wt% 
PCBM exhibit two glass transitions, an observation that may indicate the existence of 
two compositionally distinct amorphous phases. Studies on a different 
polymer:fullerene blend system (PCDTBT:PC71BM), indicate a greater miscibility 
between materials compared to blends of P3HT:PCBM. In this system, thermal 
annealing is found to result in increased disorder in the polymer phase of the film, and 
also to drive excessive phase separation of PC71BM. It is argued that thermal 
annealing is unlikely to be an appropriate treatment for optimising the efficiency of 
OPVs based on PCDTBT:PC71BM blends. Finally, Helium Ion Microscopy (HeIM) is 
used to image the chemical composition of OPV applicable blend films with 
nanometer resolution, providing a powerful technique to correlate film morphology 
with device functionality in a range of organic opto-electronic devices.  
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CHAPTER 1: INTRODUCTION 
 
Renewable energy technologies are at the forefront of an international effort to 
transition the global economy away from fossil fuels as its primary energy source. 
The motivation for this is two-fold, (1) the finite supply of conventional fuels (e.g. 
coal, oil and natural gas) and (2) the negative impact of these fuels on the 
environment 
1
. The term ‘renewables’ can be ascribed to a wide range of energy 
sources, including wind, biomass and hydroelectric. Arguably, however, it is energy 
converted directly from sunlight, i.e. photovoltaics and solar thermal, that has the 
greatest potential to meet a significant fraction of global energy demand. This is 
primarily due to the fact that sunlight can theoretically provide vastly more energy 
than global consumption compared to wind or biomass. Thus only a small fraction 
needs to be ‘harvested’ in order to meet demand 
2
. The power density (i.e. the energy 
converted per unit area) of the technology is also believed to be greater. As an 
example, it is estimated that to power the city of San Jose in California (population 
1,000,000) through a single renewable energy source, an area equal to one sixth of the 
city size would need to be covered using a photovoltaic energy system, compared to 
an area ~1.1 times as large for wind and 6 times as large for biomass 
2
. Whilst it is 
clear that in practice, a mix of sources will be required to adequately meet our energy 
needs (due to intrinsic variations in power output for each), solar power is likely to 
provide the largest contribution 
3
. Indeed, the significant potential of solar power has 
lead to it being the primary technology for the Desertec initiative which aims to build 
an infrastructure for renewable energy generation across Europe and North Africa 
4
.  
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Photovoltaic (PV) technologies are appealing since a large amount of mankind’s 
energy consumption is in the form of electricity. The first practical demonstration of 
the technology was at Bell Labs 
3
, where a silicon based solar cell achieved a power 
conversion efficiency (PCE) of approximately 6%. Subsequent research has focused 
on increasing the PCE of devices whilst reducing their cost in order to compete 
economically with conventional energy sources. The efficiency of a PV device is 
ultimately limited by the amount of light absorbed that can subsequently generate a 
photocurrent. Figure 1.1 presents a standardised spectral profile of sunlight incident 
upon the Earth’s surface overlaid with the integrated solar flux. 
 
Figure 1.1: Profile of the AM1.5 G solar spectrum over the wavelength region 300-1500 nm 
(photon energies of 4.13 to 0.82 eV). The integrated flux is overlaid in red. Note the absolute 
maximum power density is ~1.6 Wm
-2
 at 495 nm.  
 
! "!
The solar spectrum extends through to the infra-red (~4 µm). It can be seen from 
Figure 1.1 however that over 90% of the total solar flux occurs at a wavelength below 
1300 nm. However, owing to the necessity of a PV to provide power, the optimum 
band-gap for a single junction solar cell is in the region of 1.1-1.4 eV in order to 
balance photocurrent with photovoltage 
5
. Single crystal silicon, having a band-gap of 
1.1 eV is a semiconductor well suited for PV application. Because it has an indirect 
band-gap, however, thick layers (~100 µm) are needed to provide an adequate optical 
density.  In order to reduce the volume of material used in a practical application, 
thin-film (~ 10 µm) PV utilising direct band-gap semiconductors (e.g. amorphous 
silicon, GaAs and CdTe) have been developed. Silicon based PV remains the most 
popular commercial technology owing to the larger raw material availability and 
greater processing infrastructure.    
 
Inorganic semiconductors are well suited for large-scale PV arrays and in solar 
concentrator devices due to their ability to withstand high temperatures. Organic 
semiconductors, either conjugated polymers or small molecules, have been developed 
as an alternative PV material, particularly for applications where mechanical 
flexibility and semi-transparency may be required 
6
. Perhaps the biggest cost 
advantage of Organic Photovoltaics (OPVs) is the ability of the active semiconducting 
materials to be processed from solution, thereby offering the potential for large 
volume manufacture using, for example, reel-to-reel printing techniques 
7
. The 
absorption coefficients of these materials (~10
5 
cm
-1
) are much larger than the 
absorption coefficients of inorganic semiconductors. This advantage offsets the 
relatively low mobility of charge carriers in organic semiconductors with active layers 
of only ~100-200 nm in thickness being necessary for OPVs with high PCE, meaning 
! "!
that far less material is needed in the device fabrication process compared to inorganic 
thin-film PV.  
 
A fundamental difference between OPVs and conventional inorganic solar cells is the 
nature of the photoexcited state. Instead of free charge generation following 
absorption of a photon, light absorption typically creates a bound electron-hole pair 
(termed an exciton) in an organic semiconductor. In order to be useful for 
photocurrent generation, a relatively large internal field must exist within the 
semiconducting layer to dissociate this state. To create high efficiency OPVs, this is 
achieved by blending two semiconductors with differing electron affinities (thus 
acting as a molecular scale heterojunction). Following exciton dissociation, charge 
transport occurs through the p-type semiconductor (for the hole) and through the n-
type semiconductor (for the electron) towards the electrodes of the device. Whilst 
OPVs have not yet reached the level of technological maturity sufficient for their 
widespread commercialisation (i.e. by combining high efficiency, long lifetime and 
low cost), rapid growth in the research and development of OPVs has occurred over 
the past decade. Current results are promising; using proprietary materials, OPVs with 
a power conversion efficiency of 10% have recently been measured for a 1 cm
2
 
device, and a PCE of over 4% has been measured for a module cell with an area of 
294.5 cm
2
, approximately the size of an A5 sheet of paper 
8
. In the literature, the 
published record PCE now stands at over 8% 
9 
for a device with an active area of 0.16 
cm
2
. OPVs with lifetimes approaching seven years have also been demonstrated 
10
.  
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A current trend in OPV research is the design and synthesis of organic 
semiconductors having low energy-gaps, in order to extend their photosensitivity into 
the IR region of the solar spectrum and thus harvest more sunlight (c.f. Figure 1.1). 
The breadth of materials available presents two challenges. From an applied 
perspective, the challenge is to understand the interdependence between the molecular 
structures of these semiconductors and the processing protocols (i.e. design rules) 
needed to optimise the active layer structure (or ‘morphology’) and therefore 
maximise the power conversion efficiency and operational stability of a fully 
fabricated OPV. Of equal importance, however, is to understand the fundamental 
processes by which photocurrent generation occurs, and how this may be influenced 
by film structure.  
 
SECTION 1.1: THESIS SUMMARY AND MOTIVATION 
 
The purpose of this thesis is to develop our understanding of the mechanisms of film 
structure formation and modification of a PV applicable thin organic film and to 
understand how this impacts upon the photovoltaic efficiency of an OPV device. The 
structure of this thesis is as follows. In chapter 2 the necessary background is 
presented, giving an overview of semiconducting behaviour in conjugated systems 
and outlining the steps involved in photocurrent generation. A brief literature review 
is also included to highlight the major developments in the research field. The 
experimental methods used in this work are described in chapter 3.  
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In chapter 4, it is shown from in-situ measurements how film formation in a 
polythiophene:methanofullerene (P3HT:PCBM) blend film occurs over a three stage 
process. The results indicate the existence of an intermediate stage in the drying 
process that is responsible for significant self-organisation in the film. This stage 
occurs when the concentration of solids in the drying solution exceeds a certain 
threshold weight concentration. Furthermore, this process limits the degree to which 
further improvements can be expected in OPV device performance. 
 
Chapters 5 and 6 present the effects of thermal annealing for modifying the structure 
of P3HT:PCBM blend thin-films. By monitoring the process of thermal annealing in-
situ, the effects of heating, isothermal annealing and cooling can be identified. The 
loss of trapped solvent in the blend film, by heating a film above its blend glass 
transition temperature, permits us to gain a rational insight into the effects of thermal 
annealing at low temperatures. Later it is shown how the glass transition itself is 
influenced by blend composition, a result that indicates a strong correlation between 
this transition and the minimum temperature necessary to drive self-organisation in 
blend films and generate improved photovoltaic properties. These chapters permit us 
to develop a rational framework by which to design annealing protocols in new and as 
yet unexplored OPV blends.  
 
In chapter 7 the role of thermal annealing in modifying film structure of a poly(2,7-) 
carbazole:fullerene (PCDTBT:PCBM) blend system is investigated. This blend 
exhibits promising thermal stability against excessive phase separation. However, it is 
found that thermal annealing does not apparently improve the photovoltaic properties 
! "!
of this blend, instead it acts as a driving force for increased disorder in the polymer 
phase of the films. In contrast to blends of P3HT:PCBM, fullerene molecules are 
relatively more miscible in PCDTBT and quench photoexcitions generated on the 
polymer with greater efficiency.  
 
Finally, in chapter 8, the use of Helium Ion Microscopy (HeIM) for imaging the 
nanoscale structure of P3HT:PCBM blend thin-films is evaluated. It is shown that the 
mechanism for contrast in HeIM is strongly influenced by the chemical distribution of 
P3HT and PCBM, and can therefore provide a measure of the length-scale for phase 
separation in films optimised for photocurrent generation.  
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CHAPTER 2: BACKGROUND 
SECTION 2.1: INTRODUCTION 
 
In this chapter some of the physical properties and phenomena exhibited by the materials 
studied in this thesis are discussed. Starting from the origin of semiconducting behaviour in 
conjugated polymers in Section 2.2, a brief overview of the photophysics in organic 
semiconductors is presented in Section 2.3. In Section 2.4 a model is constructed to explain 
the working principles of a photovoltaic device and to highlight the key factors that determine 
the efficiency of photocurrent generation. Section 2.5 considers how the points discussed in 
all preceding sections impact upon the efficiency of an Organic Photovoltaic Device (OPV). 
Finally, Section 2.6 contains a brief review of key results from the literature that have 
developed the understanding of organic photovoltaics and increased the efficiency of OPV 
devices towards the level deemed necessary for widespread commercial adoption.  
 
SECTION 2.2: ELECTRONIC CHARACTERISTICS OF 
HYBRIDISED CARBON BONDS 
 
The building block for all organic materials is carbon. Of the six electrons present in the 
neutral atom (adopting the configuration 1s22s22p2), the outermost four participate in 
chemical bonding. Upon bonding with other carbon atoms to form a molecule, the nature of 
the bonds alters to lower the total energy of the system. The precise nature of these hybrid 
bonds determine whether the molecule exhibits insulating or semiconducting behaviour.  
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Before hybridisation of the carbon bonds it is necessary to promote one electron from the 2s 
orbital into the 2p orbital. The resulting configuration then becomes 1s22s2p3. From here, the 
s and p orbitals may combine to form four sp3 hybrid orbitals, which adopt a tetragonal 
structure. Figure 2.1 presents the structure of polyethylene, arguably the simplest polymer to 
adopt this type of hybrid bonding. A simplified structure is presented here, in practice the true 
bond angles are ~ 110° between atoms. 
 
Figure 2.1: The chemical structure of polyethylene. Here each carbon atom forms four bonds, two to 
neighbouring carbon atoms and two to hydrogen atoms. The bond lengths between atoms are 
approximately 0.154 Å (C-C) and 0.110 Å (C-H). 
 
The hybrid bonding structure presented above is insulating as all valence (outermost) 
electrons are covalently bound and immobile. Conducting behaviour is achieved by an 
electron in the 2s orbital hybridising with 2 electrons from the 2p orbital to form three sp2 
hybrid orbitals. These bonds form a planar structure, each separated 120° apart from each 
other.  These ! bonds form the backbone of any molecular structure (example structures of 
benzene and polyacetylene are shown in Figure 2.2). Critically, the remaining p orbital 
orientates perpendicular to the plane of the sp2 ! bonds (for simplicity it is referred hereafter 
as a pz orbital, the sp
2 bonds aligning in the x,y plane).  
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Figure 2.2: The chemical structures of polyacetylene (left) and benzene (right). Note that the pz orbitals 
will orientate perpendicular to the page. The bond lengths between adjacent carbon atoms are 
approximately 0.147 Å. 
 
In a molecule, the pz orbitals combine to form a ! bond, the electron density remaining above 
and below the plane of the " bonds. Whereas the density of electrons in a " bond are highly 
localized, ! electrons can be relatively delocalised across several neighboring molecular 
units. Systems in which sp2pz hybridised carbon bonds form chains of alternating single and 
double bonds are said to be conjugated, with electrons belonging to the pz orbitals 
delocalising across neighbouring aligned molecules. Thus it is not possible to associate a ! 
electron with a single atom; rather they belong to a group of atoms. It is the properties of 
these ! electrons that determine the electronic and optical properties of the material.  
 
So far only the bonding orbitals of organic semiconductors have been considered. Hereafter 
the nature of antibonding orbitals are discussed in order to develop the band structure of these 
materials. This permits us to understand the processes of photoexcitation that are discussed in 
the following section. The simplest system for understanding electronic behaviour in solids is 
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a crystal; i.e. a structure with a well-defined periodicity. For a crystal with many atoms 
present, and where electrons may be shared between neighbouring atoms, conservation laws 
lead to the development of a band structure in momentum (k) space which governs the 
allowed states for delocalised electrons 1. Revisiting the structure of polyacetylene in Figure 
2.2, it is clear that if the chain is initially empty of electrons, any electrons added would 
occupy the lowest energy states closest to the polymer backbone. Thus they would be highly 
localised. As more electrons are added to the structure, thereby tending it towards its neutral 
state, they reside further from the parent nuclei. The outermost electrons define the highest 
occupied molecular orbital (HOMO) level. This is analogous to the valence band present in 
inorganic semiconductors. The top of the HOMO level corresponds to the ionisation potential 
(IP) of the molecule. By definition the band immediately above the HOMO level is the lowest 
unoccupied molecular orbital (LUMO) level. These are antibonding orbitals as the electron 
wavefunctions combine out-of-phase, lowering the electrostatic attraction between the 
negative charge of the electrons and the positively charged atomic nuclei. Consequently 
antibonds raise the potential energy of the system and cause it to become relatively unstable. 
Here, the bottom of the LUMO level corresponds to the electron affinity (EA). Again in 
analogy to inorganic semiconductors the LUMO level can be viewed in a similar way to a 
conduction band. It is important to recognise that both ! and " bonds have associated HOMO 
and LUMO levels. For ! bonds, however, moving an electron into an antibonding !* orbital 
(the LUMO level) will cause structural instability and possibly degradation of the polymer. In 
" bonds, however, moving an electron into an antibonding "* orbital results in the structural 
integrity being maintained as these transitions are of lower energy than ! - !*transitions. 
Consequently it is these " - "* transitions that are interesting from a technological 
perspective.  
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It is apparent that if polyacetylene were truly characterised by carbon-carbon bonds of 
constant length, it would act as a 1-dimensional metal owing to the delocalization of electrons 
along the chain. Experimentally however polyacetylene bears all the characteristics of a 
semiconductor. This inconsistency, i.e. the assumption of structural stability in a 1-D metal, 
results from an over-simplification of the true structure of conjugated polymer chains.  
Polyactlyene and other conjugated polymer backbones instead form a dimerised structure, 
whereby ! - ! bonds alternate between being relatively weak and relatively strong. In 
polyacetylene these bond lengths have been measured and found to vary between ~ 1.35Å 
and 1.45Å 2. The characteristic is know as Peierls instability 3, with the displacement of 
atoms leading to an energy gap opening at the Fermi level. The magnitude of the gap is 
proportional to the extent of the displacement. The energy ‘cost’ of distorting the lattice is 
recovered by a decrease in the total energy of the valence electrons. Dimerised polyacetylene 
is therefore stable and semiconducting with a band gap of approximately 1.4 eV 4.  
 
Although this discussion provides a first principles description of the origin for 
semiconducting behaviour in conjugated materials, the true behaviour is perhaps 
understandably more complex. Conjugated systems, including those explored in this thesis, 
are typically disordered (for example through chain entanglement) and therefore the concept 
of a well-defined electronic band structure, as is the case for inorganic semiconductors, is not 
applicable here. Due to disorder the electron states become further localised and transitions 
between bands become ‘broader’ and less well defined. A second feature of organic 
semiconductors is the relatively strong coupling interaction between the chemical structure of 
the molecule (i.e. the atomic lattice) and the excited state that can lead to the formation of 
pseudoparticles e.g. polarons. These describe the coupling between a charge carrier and the 
deformation and resulting polarisation of the atomic lattice.  
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SECTION 2.2.1: ELECTRONIC PROPERTIES OF FULLERENES 
 
Fullerenes are an allotrope of carbon first synthesised by Kroto et al. in 1985 5. The first 
structure formed was C60 (buckminsterfullerene), named after the geodesic spheres that it 
resembles. Although fullerenes are commonly considered as small molecules, it is important 
to recognise that bonding between carbon atoms in C60 and higher fullerenes occurs via sp
2 
hybridisation. Fullerenes can therefore be considered as conjugated, albeit with a caged 
instead of an elongated chain structure. The pz ! bonds in C60 orientate perpendicular to the 
fullerene cage, thus the delocalization of electrons occurs above and below the entire carbon 
cage. Two LUMO levels, approximately 1.5 to 2 eV above their respective HOMO levels are 
responsible for most of the photophysics involving this molecule 6. Each level is triply 
degenerate, thus each C60 molecule is capable of accepting up to six electrons. As will be 
discussed in Section 2.6 this makes C60 a strong acceptor material in OPVs. 
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SECTION 2.3: PHOTOEXCITATION OF CONJUGATED 
POLYMERS 
 
Photoexcitation describes the process in which a photon interacts with a semiconductor 
having sufficient energy to promote an electron into an excited state. An alternative definition 
is photoinduced doping, since mobile charges can result from the process 3a.   
 
Consider the potential energy level diagram in Figure 2.3, which shows the ground state and 
first excited state for an idealised system. The lowest energy curve represents the ground state 
(HOMO level) of the molecule, with the higher energy curve corresponding to the first 
excited state (LUMO level). Vibrational energy levels within each state are illustrated by 
dashed lines. Note that the minima of each curve corresponds to the equilibrium bond length 
between molecules in that state.   
 
Figure 2.3: Energy level diagram illustrating the ground and first excited states of a molecule. Dashed 
lines correspond to vibrational energy levels within each state, whilst the vertical arrow illustrates an 
electronic transition.  
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It can be seen that if a photon with energy equal to or greater than the energy gap between the 
HOMO and LUMO levels is absorbed an electron will be promoted into the LUMO level, 
leaving a hole residing in the HOMO level. According to the Frank-Cordon principle this 
transition is defined by a vertical arrow in Figure 2.3. As nuclear motion occurs over much 
slower time scales than electronic transitions, the nuclei can be considered stationary upon 
photoexcitation of electrons 7. If the energy of the photon exceeds the energy gap between 
HOMO and LUMO, an electron will be initially promoted into one of the vibrational modes 
of the energetic state. These states can be labeled S1,m (taking vibrational modes in the first 
excited state as an example) where m is an integer.  
 
The bound electron-hole pair created through photoexcitation is termed an exciton. This 
excited state is overall electrically neutral and, owing to the generally high spatial localisation 
of the state, will recombine on a typical timescale of 1 ns. Preceding this step is a rapid 
(approximately 1 ps or less) radiationless relaxation of the exited state towards the lowest 
vibronic energy level. From here a photon may be re-emitted in a process called fluorescence. 
Note that this occurs at the same or lower energy than the excitation (i.e. it is Stokes shifted) 
due to the internal relaxation process described previously. To illustrate this process, the 
absorption and fluorescence spectra from perylene dissolved in cyclohexane 8 is presented in 
Figure 2.4.  
 
For photocurrent generation (discussed in more detail in Section 2.4) the exciton is composed 
of the charges that can potentially be extracted from a device. However the relatively short 
lifetime of the state makes it relatively difficult to separate into a free electron and hole. In 
order to achieve this, an amount corresponding to the binding energy EB of the exciton must 
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be expended. The magnitude of EB will be determined by the Coulombic attraction between 
the charges and interactions between the exciton and the atomic lattice (i.e. polaron 
interactions).  For example, the excited state on a phenylene – vinylene chain leads to a 
relaxation of the benzene structure into a quinodal structure in the vicinity of the exciton. The 
magnitude of the distortion is greatest in the middle of the exciton, as illustrated in Figure 
2.5. 
 
Figure 2.4: Absorption and fluorescence spectra of perylene dissolved in cyclohexane, using data 
provided by the PhotochemCAD library 8. Emission was collected after excitation at 410 nm. The peak at 
430 nm corresponds to the principle transition between the lowest vibrational levels of the ground and 
first excited state. Transitions between modes of higher vibrational energy manifest themselves as peaks 
at relatively lower intensity.   
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Figure 2.5: (a) the chemical structure of phenylene-vinylene in the ground state. If excited, the presence 
of an exciton, illustrated by the blue ellipse in (b), distorts the atomic lattice from an aromatic into a 
quinodal structure.   
 
The relatively strong exciton coupling to the atomic lattice is one reason why excitons are 
relatively difficult to dissociate in organic semiconductors. A second reason is the relatively 
low dielectric constant !r of these materials, which is approximately 3-4 
9. In inorganic 
semiconductors !r is much higher (~12 for silicon 
10), consequently the Coulombic attraction 
between charges is efficiently screened in these materials. The relatively large dielectric 
constant in inorganic semiconductors and the delocalisation of the exciton results in a low 
binding energy. Excitons of this character are sometimes referred to as Mott-Wainer excitons. 
Excitons that are characterised by a large binding energy and relatively high degree of 
localisation are in contrast termed Frenkel excitons. For an inorganic semiconductor 
photovoltaic device operating at ambient temperatures, the thermal energy kBT (~25 meV at 
300 K) is sufficient to dissociate the exciton. Consequently the primary photoexcited states in 
inorganic semiconductors are commonly considered as free charge carriers and exciton 
physics is generally of limited relevance. In contrast, the binding energy for excitons in 
organic semiconductors has been measured to be of the order of 0.3 eV 11 and therefore 
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Frenkel excitons cannot dissociate via ambient thermal energies alone. In order to dissociate 
the exciton into free charges before it recombines, the exciton must reach an interface with an 
energy offset greater than EB. This can either be a semiconductor/metal interface or a 
semiconductor/semiconductor interface with sufficient offset in HOMO and LUMO levels 
(i.e. a donor/acceptor interface).  
 
The process of exciton generation discussed here represents the first step in generating a 
photocurrent. Exciton dissociation and the subsequently steps required to generate a 
photocurrent in an organic photovoltaic device are discussed in Section 2.4. It is first 
worthwhile to consider other radiative transitions that may occur between the ground and 
excited states of a molecule. A separate mechanism to fluorescence (radiative recombination 
of a singlet excited state) is phosphorescence, which describes radiative recombination of an 
excited triplet state, which resides at a lower energy than the first excited singlet state in a 
material. To understand the circumstances in which phosphorescence may occur 
(alternatively the selections rules that govern whether a transition is allowed or forbidden) it 
is helpful to invoke a quantum mechanical description for the electron wavefunctions and to 
consider the spin states of the exciton and the orbital angular momentum changes of the 
system that occur upon light absorption. For simplicity, here the system corresponds to two 
coupled charge carriers (i.e. the hole and the electron) interacting in the atomic lattice 
environment.  Electrons have a spin s = ! and may combine with another electron (or hole) 
to give a total angular momentum S of 0 or 1.  
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The wavefunction of the former (S = 0) case can be written as, 
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Which is asymmetric under particle exchange. For the case where two spin ! particles 
combine in parallel (i.e S = 1), three (symmetric) configurations are possible, referred 
hereafter as triplet states, 
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Note that ground state is given by, 
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The symmetry of each wavefunction determines whether a transition between states is 
allowed. According to the Pauli exclusion principle, for a two particle system the total 
wavefunction (spin and spatial components) must by asymmetric under particle exchange. 
Thus either the spatial component must remain symmetric (for the singlet state) or be 
asymmetric (for the triplet states) to allow the exciton wavefunction to remain asymmetric 
overall.  
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In order for an optical transition to be allowed the change in spatial angular momentum !L 
must equal 1. For absorption, the photon provides the necessary angular momentum to allow 
the S0 to S1 transition, i.e. between the ground state symmetric state with L = 0 and the first 
excited antisymmetric state with L = 1. The opposite holds true for fluorescence with 
emission of a photon providing the necessary change in L.  From the previous discussion the 
S0 – T0 is forbidden because both states are spatially symmetric, !L = 0. However it is 
possible for the transition to occur by means of spin-orbit coupling, which describes the 
interactions between the spin and spatial components of a particle’s angular momentum. The 
transition between a singlet and triplet state requires one particle to undergo a spin flip. Such 
a process is intrinsically weaker than singlet-singlet transition – as a result the lifetime is 
significantly longer (µs to ms or greater timescale). The efficiency (i.e. quantum yield) of the 
process is heavily influenced by the spatial angular momentum of the atomic lattice – atoms 
that are much heavier than carbon increase the efficiency of the spin-orbit coupling process. 
This mechanism is of far greater significance for organic electroluminescent devices than 
organic photovoltaic devices, however a number of studies have addressed triplet generation 
in OPVs to potentially increased the yield of photogenerated charges, owing to the lower 
energy required to move an electron from the S0 to T0 state.  
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To summarise the processes discussed in this section, a Jablonski diagram is presented in 
Figure 2.6. Here, the horizontal axis corresponds to states of different spin (that is, total 
angular momentum) and not molecular coordinate as previously presented in Figure 2.3. In 
addition to highlighting the nature (radiative or non-radiative) of the transitions that may 
occur within a molecule upon photoexciation, the approximate lifetime of each process is also 
included to distinguish relatively dominant from relatively weak processes. 
 
Figure 2.6: Jablonksi diagram illustrating the nature and approximate timescales of the radiative 
processes discussed in this section. Radiative and non-radiative transitions are labeled by straight and 
squiggly lines respectively.  
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SECTION 2.4: PHOTOCURRENT GENERATION IN ORGANIC 
PHOTOVOLTAIC DEVICES 
 
The principle steps in photocurrent generation in a polymer/fullerene photovoltaic device 
after exciton generation are discussed in this section. These are exciton diffusion, exciton 
dissociation into free charges, charge transport and charge extraction. For simplicity, the 
impact of the structure of a blend film and its influence on these steps is not considered here 
and is left until Section 2.6.  
 
SECTION 2.4.1: EXCITON DIFFUSION 
 
As mentioned briefly in the preceding section, an exciton of Frenkel character must reach an 
interface to dissociate into free charges in order to be able to contribute to a photocurrent. 
The question arises therefore as to how such a process occurs in a typically disordered system 
where wavelike propagation of the excited state is unlikely to occur. In order to reach an 
interface, the exciton must undergo a process of diffusion. Owing to the disorder in the 
system, exciton diffusion is typically described as a random ‘hopping’ process (the exciton is 
overall electrically neutral) either along a molecular chain (intrachain hopping) or between 
chains (interchain hopping) towards sites lower in energy. Two common mechanisms by 
which excitons may diffuse are Förster resonance energy transfer 12 (FRET) and Dexter 
electron transfer. Förster energy transfer occurs via a resonant coupling between 
neighbouring atomic dipoles and typically occurs over a lengthscale of a few nm. The 
efficiency of FRET (i.e. the transfer rate) is sensitive to the separation distance r between 
donor and acceptor (varying as r-6), the overlap between the absorption spectrum of the donor 
and the emission spectrum of the acceptor and the relative alignment between donor and 
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acceptor dipoles. Dexter electron transfer involves the direct transfer of charge carriers 
between neighbouring moieties. Here the efficiency of the process is determined by the 
wavefunction overlap between the donating and accepting molecules, and therefore occurs 
over much shorter distances than FRET (e-r dependence), typically less than 2 nm.  
 
The exciton diffusion length LD is used to characterise the hopping process (i.e. the average 
distance travelled by the exciton prior to recombination) and set the appropriate length scale 
for donor / acceptor phase separation to efficiently dissociate excitions into electrons and 
holes (free charge generation) within an OPV. A common method to estimate LD is via 
fluorescence quenching measurements 13, whereby the relative intensity of emission is 
measured from a material as a function of distance away from a well defined (i.e. smooth) 
quenching interface (for example C60 or titania).  Values of LD are typically within the range 
of 5-10 nm for spin-cast films of conjugated polymers 13a, 14.  
 
SECTION 2.4.2: EXCITON DISSOCIATION 
 
Upon reaching an interface an exciton can undergo charge transfer between two materials if 
the energy offset between LUMO levels is sufficiently large to overcome the exciton binding 
energy. For brevity only the dissociation mechanism at organic semiconductor interfaces is 
considered here. The condition for charge transfer is that the free energy of the system must 
be lowered as a result. Consider the idealised energy level diagram for a donor/acceptor 
system in Figure 2.6, with the HOMO and LUMO levels of the acceptor material positioned 
at lower energy than those of the donor material. Recall from section 2.3 that an exciton 
corresponds to an electron residing in the LUMO level of the molecule and a hole residing in 
the HOMO level. This picture however ignores any coupling interactions between the 
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charges and the atomic lattice. If instead the electron (hole) is treated as an electron (hole) 
polaron, the state will reside at a slightly different energy to the molecular orbitals. 
Specifically, a hole polaron Ep+ will be at a higher energy with respect to the HOMO level, 
and the electron polaron Ep- will reside at a slightly lower energy with respect to the LUMO 
level. These polaron energy levels are represented by the dashed lines in Figure 2.6. Electron 
transfer from the donor molecule to the acceptor molecule between LUMO levels (or 
between the HOMO levels for hole transfer) will occur if the energy difference !E between 
the two levels exceeds the binding energy of the exciton. For electron transfer the donor 
LUMO should be at a higher energy relative to the acceptor LUMO. For hole transfer the 
donor HOMO should be at a higher energy relative to the acceptor HOMO. From the 
previous section this offset should be at least 0.3 eV. It is important to recognise that the rate 
of electron transfer does not continually increase as !E in increased, but rather reaches a 
maximum when the reorganization energy of the transfer process equals the Gibbs free 
energy 15.  In addition, an energy offset that is too great also has a negative impact on the 
maximum voltage which a photovoltaic device can produce 16. As will be discussed later, it is 
therefore preferable to have a donor acceptor combination in which the energy level offset is 
just sufficient to dissociate the exciton. 
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Figure 2.6: Diagram illustrating schematically the energy levels (HOMO and LUMO) at a donor 
acceptor interface. If an exciton, represented here as mutually bound electron polaron (purple circle) and 
hole polaron (red circle) pair, reaches a donor/acceptor interface, the separation energy !E between 
LUMO levels must exceed the binding energy of the exciton in order for electron transfer to take place.  
 
In polymer:fullerene blend thin-films charge transfer is fast and has been measured 
experimentally for both electron and hole transfer at up to 45 17 and 30 fs  18 respectively. 
This timescale is significantly faster than the principle loss mechanism of photoluminescence 
which occurs over timescales of 100’s of ps. Provided the donor and acceptor are suitably 
mixed, such that an interface can be found within LD, exciton dissociation will occur with a 
quantum yield of almost unity.  
 
Prior to the formation of charge carriers that can be considered ‘free’ and subsequently 
undergo the process of charge transport, the electron and hole must first escape their mutual 
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Coulombic attraction. This is the so-called ‘charge-transfer’ or CT state in donor/acceptor 
systems, with the electron now present on the LUMO level of an acceptor molecule and the 
hole remaining on the HOMO level of the donor molecule. To a first approximation, breaking 
the charge transfer state can be described using Onsager’s theory 15; here an electron and hole 
are deemed to be fully separated when their thermal energy exceeds their Coulomb attraction. 
The critical distance rc between charges that needs to be exceeded is given by the following 
expression, 
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Here e is the elementary charge, !r and !0 represent the relative and vacuum electric 
permittivity respectively, kB is Boltzmann’s constant and T is the temperature of the system. 
For simplicity this model assumes that one charge is considered stationary, with the second 
mobile (or ‘hot’) charge interacting with the potential energy of the first charge. For a CT 
state present at ambient conditions in a conjugated polymer:fullerene system the critical 
escape radius is roughly 15 – 20 nm. Consequently, unless the electron and hole are separated 
by at least this distance they will recombine germinately. This defines recombination of 
charge carriers from the same initial state (i.e. an exciton). Non-germinate recombination, in 
contrast, describes the recombination of charges from separate initial states.  
 
The limitation of the Onsager model is that the lifetime of the state, the reversibility of the 
process and structural disorder are not considered; effects that are believed to reduce rc to 
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only a few nm. In addition, external electric fields are neglected which may also help to drive 
the charged species apart. Consequently it is difficult to construct a comprehensive picture of 
the CT state, with a large body of literature devoted to understating its character. Providing a 
conclusive character of the CT state is beyond the scope of this work, nevertheless the model 
included here gives a semi-quantitative understanding of the true nature of the state.  In 
analogy to the binding energy of the exciton, a CT state can also be thought of as having a 
binding energy, EB,CT If this state is emissive it is possible to estimate EB,CT using 
conventional photoluminescence or electroluminescence measurements. In general, the 
binding energy of the CT state is less than the binding energy of the singlet exciton which 
precedes it. The potential energy of the CT state – approximately the difference between the 
LUMO level of the acceptor and the HOMO level of the donor on which the charge species 
reside – will have an impact on the maximum attainable voltage from an OPV 19. 
 
SECTION 2.4.3: CHARGE TRANSPORT 
 
After separation of a CT state, the electron and hole can be considered ‘free’ of each other 
and attention now turns to how these charge carriers can be transported from the 
donor:acceptor interface towards the electrodes of a device.  As organic semiconductors are 
typically disordered, with relatively low coupling energies between molecules, it is 
appropriate to describe charge transport as occurring via a series of ‘hops’ instead of coherent 
band like charge transport as would be applicable for inorganic semiconductors with well 
defined lattice structures. The simplest model to describe charge transport is a Gaussian 
disorder model that assumes charge transport with a Gaussian distribution of disordered 
states. This concept can also be used to describe the distribution of energy levels (HOMO and 
LUMO) in a molecule; an effect that leads to a broadening of the optical transitions of the 
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material. The exact analytical description of the energetic state distribution is dependent upon 
the system under examination. The distribution of energetic states g(E) can however be 
represented as follows 20,  
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Here, ! represents the distribution width of the energetic states E, and is larger for systems 
with greater disorder.  Because of disorder, it is possible for charge transport to occur via 
diffusion towards states of lower energy in the absence of an electric field, however the 
direction of this process is likely to be random. The presence of an electric field, either built 
in or externally applied in addition to the temperature of the environment, will influence the 
mobility of charge carriers. Each of these factors are considered in turn.  
 
The hopping rate "ij between two molecular sites i and j can be described using the following 
expression 21, 
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Here, !0 represents the frequency at which charges attempt to move between sites, " is the 
coupling strength, !rij is the distance between sites and Ej and Ei are the energy of each site. 
In the absence of temperature activated hopping, a charge will only be able to move from site 
i to site j if Ej < Ei. Note that charges may become trapped if, before reaching an interface to 
undergo charge extraction, they hop onto a site at significantly lower energy than its 
neighbours. Such a scenario can lead to recombination if a charge of opposite polarity moves 
within the vicinity of the trapped charge and becomes Coulombically bound.  
 
In the presence of an electric field, charge transport is conventionally described by the 
mobility µ of each charge carrier; this is defined as the speed of a charge carrier per unit of 
electric field applied. Where disorder is present in a system, it is not possible to completely 
define an analytical expression to relate semiconductor structure to charge mobility. 
Consequently phenomenological models are used instead. One description by Bässler 
describes the electric field F and temperature T dependence of µ as 20  
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Here µ0 is the zero-field mobility, A is a constant related to the spacing between molecules 
and # and $ parameterise the energetic (from Equation 2.6) and spatial disorder of the system. 
From Equation 2.7 it can be seen that charge mobility can increase with a reduction in either 
# or $ or both. Except in exceptional circumstances, organic semiconductors will always 
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exhibit lower charge carrier mobilities (typically by several orders of magnitude) than that of 
inorganic semiconductors.  
 
From Equations 2.6 and 2.7 it can also be seen that charge mobility may be improved via 
thermal activation. The extent to which charge mobility may increase depends upon the 
thermal stability of the semiconductor – at elevated temperatures, if the semiconductor 
undergoes a transition into a structurally more disordered state then charge mobility will 
reduce. Recent studies have also looked at the mobility dependence of the intensity of light 
incident on an OPV 22. This measurement clearly determines the effect of the density of 
charge carriers in the thin-film on charge mobility 23. Indeed, the actual mobility of charge 
carriers within a device is related to a number of internal and external factors. Consequently 
measuring the mobility of charge carriers is non-trivial, with a number of techniques used to 
approximate the mobility under certain conditions, or to highlight relative differences 
between samples or materials.  Three methods are commonly used to determine charge 
carrier mobility in organic semiconductors: 
 
1. Field-Effect Transistor (FET): Here the mobility is calculated from the saturation 
current through a device (that is, at large source-drain bias voltage) as a function of 
gate voltage. Note that for FETs the calculated mobility is strongly influenced by the 
interface between the semiconducting layer and the insulating gate dielectric. Thus 
FETs are not ideal device architectures for determining bulk electronic transport 
characteristics of a semiconductor. 
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2. Time-of-Flight (ToF): Here, a device with an architecture identical to an OPV 
(anode/active layer/cathode) is illuminated with a short pulse of light whilst under 
applied bias. The time taken for charge carriers to traverse the device is used to 
determine the carrier mobility. In order to accurately determine µ, the duration of the 
light pulse should be sufficiently shorter than the carrier transit time. Also, the initial 
region within the semiconductor where charges are photogenerated should be small in 
relation to the total film thickness. For these two reasons, the semiconducting layers 
studied are typically several microns in thickness. The ToF technique offers the 
advantage that charge carrier mobilites of either polarity may be measured in the same 
device, in addition to the extracted value representing the probable ‘bulk’ property of 
the material.  
 
3. Space Charge Limited Current (SCLC): Here, a device is prepared in an identical 
manner to an OPV, with the exception that both electrodes are chosen to match the 
HOMO level of the donor or the LUMO level of the acceptor. This suppresses the 
transport of either electrons (for the first case) or holes (for the second case) due to the 
large energetic barrier that forms at the semiconductor/metal interface. An SCLC 
device in principle allows for the mobility of a single charge carrier (holes or 
electrons) to be determined. As will be discussed at the end of this section, the 
mobility is determined from dark-current/voltage measurements where space charge 
effects may be observed. As SCLC devices are prepared in an almost identical manner 
to OPVs, the technique is used in this thesis to measure relative differences in charge 
carrier mobilities between samples.  
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An important length-scale associated with the charge mobility is the drift length, Ldrift at a 
particular electric field F, which is given by the following expression, 
 
! 
Ldrift = µ"F       {2.8} 
 
Here ! represents the carrier lifetime, that is the average time a charge carrier is expected to 
exist before recombining. As will be discussed in the following section, the drift length is an 
important length-scale in determining the optimum thickness for an OPV. Ldrift approximately 
defines the maximum thickness of a semiconducting thin-film that can successfully be 
employed in an OPV device before charge transport becomes inefficient and charge 
recombination becomes problematic. This distance may be lower than the thickness required 
for efficient absorption of light. 
 
 
SECTION 2.4.4: CHARGE EXTRACTION AND INJECTION 
 
In order for efficient charge extraction to occur, charges must first be transported from the 
bulk of the semiconducting film toward the interfaces via appropriate pathways, i.e. regions 
of pure or almost pure electron or hole transporting material. Consequently the efficiency of 
charge extraction will be determined by the choice of suitable electrodes in the device and the 
local composition of the active semiconducting layer in the vicinity of interface.  
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Charge extraction can be considered in two distinct cases, where the electrodes are either 
Ohmic or non-Ohmic in nature. The distinction relates to whether or not the work function of 
the electrodes match the energy levels of the semiconductors. Specifically for Ohmic contacts 
the cathode should be matched to the LUMO level of the electron transporter and the anode 
should be matched to the HOMO of the hole transporter. The type of contact determines 
whether the open circuit voltage Voc (the maximum voltage a solar cell can produce) of the 
device is interface or bulk limited. For non-Ohmic contacts the Voc is set by the difference 
between the work functions of the two electrodes 24. This potentially introduces considerable 
energetic barriers for charge extraction; for example an electrode with a work function further 
away from the vacuum level than the HOMO level of the hole transporter will require holes 
to spend energy in order to leave the device.  
 
When Ohmic contacts are present the bulk properties of the semiconductor becomes the 
limiting factor in determining Voc 
24. Several studies have shown that in this regime, Voc is 
correlated with the energy difference between the LUMO level of the acceptor and the 
HOMO level of the donor semiconductors 16, 25, this difference representing the built-in 
voltage potential of the device, VBI. This model gives a reasonable estimate of the open-
circuit voltage attainable from a device. Deviations from VBI are generally ascribed to band 
pinning 16 or band bending 26 effects at the metal/semiconductor interface, the degree of 
energetic disorder within the blend and charge recombination in the semiconducting layer 27. 
The open circuit voltage is also influenced by the intensity of incident light on the solar cell 28 
– a characteristic that sets apart organic solar cell devices from inorganic p-n heterojunction 
solar cells which can be described by Shockley diode characteristics. It is believed that the 
maximum open circuit voltage attainable is determined from the potential energy of the 
charge transfer state introduced earlier 19, 29.  
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SECTION 2.4.5: SPACE CHARGE LIMITED CURRENT 
 
The dark current-voltage characteristics of a typical polymer:fullerene blend in a SCLC 
device is shown in Figure 2.7. The data is plotted on a logarithmic scale in order to highlight 
the different regimes of current flow. In addition, the applied bias has been offset by an 
amount VB to give the effective applied bias across the semiconducting layer. Here, VB 
represents the work function difference between the two electrodes.  
 
Figure 2.7: Typical dark current-voltage characteristics for a PCDTBT:PC70BM blend (1:4 wt%) diode 
device. Here, the architecture of the device was ITO/PEDOT:PSS/Blend Layer/Au. 
 
It can be seen from Figure 2.7 that the current dependence on the effective bias can be split 
into three mechanistically different regions 30. At low effective bias the current rises in a 
linear fashion and corresponds to an Ohmic regime (i.e. – the current is determined by 
charges which move freely across the device). At larger effective bias the current undergoes a 
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rapid increase. This trap-filling transition corresponds to the filling of insulating sites (trap 
states), reducing the number of conductive (Ohmic) pathways through the device. The current 
undergoes a relatively rapid increase in this phase owing to the transition of the Fermi level to 
an energy above that of the trap level 30. During the trap-filling transition, trapped charges 
can be considered immobile and the field within the device becomes weaker as the effective 
applied bias increases still further. This is a result of the trapped charges ‘screening’ the 
applied electric field. At higher bias, once most of the trap sites have been filled the rate of 
increase in current flow is reduced i.e. it becomes space charge limited.  
 
The relationship between current flow and effective bias in the SCLC regime is given as: 
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      {2.9} 
 
Here V is the effective bias, L is the thickness of the semiconducting layer and !0 and !r 
represent the vacuum and relative electric permittivity respectively. Here, µ represents a 
steady state mobility and is thus only an approximate measure of charge carrier mobility 
within a sample. Although not used in this thesis, it is possible to use a modified form of 
Equation 2.9 to account for the dependence of µ on charge carrier density 31. Note however 
that under SCLC, conditions the electric field across the device will be significantly higher 
than for an OPV under conventional operation 32.  
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SECTION 2.5: CHARACTERISING OPV DEVICE EFFICIENCY 
 
The previous section discussed the individual steps in photocurrent generation. For an 
operating OPV the power conversion efficiency (PCE) will be determined by the product of 
the efficiency of these individual steps. The standard method for determining the PCE of an 
OPV, as with any type of solar cell, is via measurement of the photocurrent response of the 
device as a function of applied bias. In Figure 2.8 the current voltage (JV) characteristics for a 
typical solar cell under illumination is shown.  
 
Figure 2.8: Current voltage characteristics of a solar cell under illumination. The terms RSH, JSC, VOC and 
RS and the blue and red squares are defined and referred to in the text.  
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The parameters from which the power conversion efficiency is calculated are 
1. The short circuit current (JSC) – the extracted current at zero applied bias. 
2. The open circuit voltage (VOC) – the largest voltage attainable from the solar cell. It is 
the point at which no current flows through the device. 
3. The fill factor (FF) – the ratio between the area defined by the maximum product of 
JV (maximum power point) and the product of Jsc & Voc. To optimise the efficiency of 
a solar cell this value should be as close to unity as possible. This is illustrated by the 
ratio of the area between the red and blue squares in Figure 2.8. 
 
The PCE is defined as follows: 
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Here PIN represents the power incident upon the solar cell. At short-circuit conditions, when 
no bias is applied to the device, charges may be extracted by the built-in field determined by 
the work function difference of the electrodes. Thus the magnitude of Jsc will be related to the 
amount of light absorbed by the device (dependent on the band gaps of the semiconducting 
materials and the optical density of the active layer) and the subsequent efficiency of charge 
generation, transport and extraction. If a voltage is applied in the direction of this field (i.e. in 
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reverse bias as defined in Figure 2.8) charge extraction becomes easier and the device can be 
operated as a photodetector.  
 
In forward bias, the applied voltage opposes the direction of the built-in field, reducing the 
ability of the solar cell to provide power. Eventually the applied bias becomes sufficient to 
balance the built-in field. Beyond this point (the open circuit voltage) the solar cell no longer 
provides electrical power.  
 
It is possible to describe the current-voltage characteristics of a solar cell using the following 
equation, 
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Here J0 is the dark current, n is the diode ideality factor, JPH is the photocurrent and RS and 
RSH are the series and shunt resistances across the device respectively. It is possible to relate 
the resistive terms RS and RSH to the fill-factor described earlier. A large fill-factor correlates 
with a low series resistance and high shunt resistance (necessary to minimise leaks from the 
device). From Figure 2.8 it can be seen that RS is inversely proportional to the gradient of the 
JV curve at high forward bias and RSH is inversely proportional to the gradient of the JV curve 
at large reverse bias. This provides a simplistic representation of the FF in terms of an electric 
circuit. It is also possible to relate, albeit indirectly, the fill-factor to the nanoscale structure of 
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the active semiconducting layer and the likelihood of charge recombination (which can also 
be thought of as a resistive loss). Solar cells with more balanced charge transport and low 
recombination rates will have larger fill factors 32-33. 
 
A second method to characterise a device is to measure its quantum efficiency. The external 
quantum efficiency (EQE) relates the number of charges extracted from a device to the 
number of photons incident upon it. This can be calculated as a function of incident light at 
wavelength ! using the following expression, 
 
! 
EQE "( ) =
Jhc
P "( )"e
     {2.12} 
 
Here, P(!) is the incident power as a function of wavelength, and all other terms have their 
usual meaning. The internal quantum efficiency (IQE) relates the number of charges 
extracted to the number of photons absorbed by the active semiconducting layer. Both 
measurements allow the spectral response of an OPV to be determined, however it is 
apparent that the EQE also takes into account light that is not absorbed by the solar cell. 
Consequently OPVs with very thin (< 100 nm) active layers will always have a low EQE 
even if the internal quantum efficiency is high. Due to optical interference effects that occur 
within a device, accurate measurements of IQE are typically calculated using absorption 
measurements obtained in a reflection geometry. 
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SECTION 2.6: INFLUENCE OF ACTIVE LAYER MATERIALS 
AND NANOSTRUCTURE ON THE EFFICIENCY OF ORGANIC 
PHOTOVOLTAIC DEVICES 
 
From Section 2.4 one may expect that in order to maximise the power conversion efficiency 
of an OPV, the efficiency of each of the individual steps (light absorption, free charge 
generation, charge transport and extraction) should be maximised. Although this is true, in 
practice however the best OPVs work by finding the best balance between the steps in 
photocurrent generation, and although undesirable, certain losses are often accepted in order 
to maximise the overall device efficiency. For example, in an OPV incorporating a thin 
organic semiconducting film the internal efficiencies of charge generation and transport may 
be high, however the device will be limited by the amount of light that can be harvested. An 
alternative description to this example is that Ldrift, as defined in section 2.4.3, becomes the 
limiting factor in the design of an efficient OPV. In this section the development of OPVs ois 
discussed, from the first proof of concept devices to the most efficient devices reported at the 
time of writing.  
 
The first OPVs incorporated a single semiconductor sandwiched between two electrodes, 
each with a different work function. As described in section 2.4.4, one electrode is chosen to 
match to the LUMO level to enable electron extraction, with the other matched to the HOMO 
level to enable hole extraction / electron injection. Oxidised tetramethyl p-phenylenediamine 
34, polyacetylene 35 and magnesium phthalocyanine  36 are all early examples of 
semiconductors used in single layer OPVs. The charge collection efficiencies of these devices 
were low (less than 0.1%), the most probable reason being due to an insufficient internal 
electric field being present within the device to dissociate excitons into free charge carriers. 
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Nevertheless these studies proved that a photovoltaic effect could be observed in organic 
semiconductors (either conjugated polymers or small molecules). 
 
A seminal contribution to OPV research was made in 1986 when the first heterojuctnion OPV 
was demonstrated 37. This consisted of a bilayer system of copper phthalcyanine (as electron 
donor) and a perylene tetracarbaolix derivative (as electron acceptor) in the device 
architecture ITO/Active layer/Ag. In this configuration ITO operates as the anode and Ag as 
the cathode. The device demonstrated a power conversion efficiency of 1% under simulated 
solar radiation. Here, as with all conventional bilayer OPVs, the acceptor layer is deposited 
after deposition of the donor layer to form pure layers of each within the device. This work 
demonstrated one of the key requirements for OPVs that has remained to the present day; the 
substantial improvement in free charge generation provided by a donor:acceptor interface. 
Nevertheless one of the principle drawbacks of the bilayer heterojunction architecture is the 
mismatch between two characteristic length scales in organic semiconductors; the diffusion 
length of excitons (approximately 10 nm) and the length scale for efficient light absorption 
(roughly 100 nm of material for 50% light dissipation). This forces a trade off between 
efficient charge transport and free charge generation, as only photogenerated excitons in the 
vicinity of the interface will dissociate, the rest undergoing recombination.  Nevertheless, 
owing to the purity of donor and acceptor layers, the bi-layer concept does allow for the 
relatively efficient transport of charge carriers towards the electrical contacts without 
significant recombination losses. Indeed the device reported in ref. 37 had a fill factor of 
65%, indicating a relatively low series resistance across the device. 
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The principle drawback with bi-layer OPVs was overcome with the introduction of the bulk-
heterojunction (BHJ) concept in 1995. Demonstrated independently by Halls et al. 38 and Yu 
et al. 39, the ability to intimately mix donor and acceptor materials via casting a blend thin-
film from a common solvent creates an interpenetrating network of donor and acceptor 
material. This massively increases the interfacial donor:acceptor area and consequently 
improves the dissociation efficiency of photogenerated excitons. For example, in the work of 
Yu et al. a blend of poly[2-methoxy, 5-(2-ethylhexoxy)-1,4-phenylene vinylene] (MEH-PPV) 
as electron donor and C60 as electron acceptor was cast from xylene or dichlorobenzene. 
Power conversion efficiencies of ~2% were achieved under 380-480 nm illumination. In 
addition to the BHJ structure of the active layer, the use of C60 also contributed to the 
efficient generation of free charge carriers. Work by Sariciftci et al. in 1992 40 demonstrated 
that photoinduced charge transfer from MEH-PPV to C60 is ultrafast (< 60 ps) owing to the 
strong affinity of C60 towards electrons as discussed earlier. Later work estimated the electron 
transfer rate to be of the order of  ~1012 - 1013 s-1 17.  
 
The BHJ concept and the use of fullerene acceptors have been common to all of the highest 
reported efficiency solution processable OPVs following the proof-of-concept work in 1995. 
Since then, a combination of material synthesis (to obtain materials with promising 
absorption and charge transport characteristics) and process development (to obtain film 
structures that balance the steps in photocurrent generation discussed in section 2.4) has 
pushed the technology towards commercial viability. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) became an appropriate blend 
system with which to coat ITO as the semi-transparent anode layer in OPVs. This affords a 
work function of the anode that is more closely (but not precisely) matched to the HOMO 
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level of many conjugated polymers. In addition, the coating may also improve the wetability 
and film quality of the active blend film by smoothing the ITO surface 41.  
 
For several years, the efficiency of OPVs under white light illumination remained at ~1%. 
The issue of poor solubility of C60 was overcome via functionalisation with a methyl-ester 
group to form PCBM 39 thereby allowing more uniform blend thin-films to be deposited. The 
importance of the casting solvent was realized by Shaheen et al. 42 who were able to increase 
the power conversion efficiency of MEH-PPV:PCBM solar cells from 0.9 to 2.5% by 
preparing blend thin-films from a good solvent (chlorobenzene) as opposed to a poor solvent 
(toluene) that caused aggregation of PCBM. This allowed much finer phase separation of 
donor and acceptor materials - from 100’s to 10’s of nm – to a length scale more 
commensurate with the diffusion length of excitons. This change in processing protocol 
further improved the efficiency of the charge generation step in photocurrent generation, 
whilst still allowing for some degree of phase separation between donor and acceptor 
domains to support efficient charge transport.  
 
Ultimately, when mixing two materials in a common solvent and subsequently casting a film, 
the structures formed will depend upon the miscibility between each of the components and 
the drying dynamics. During film preparation, the evaporation of solvent will cause the 
materials to partially de-mix in order to lower the free energy of the system. For thin-films 
prepared via spin-casting, solvent loss is a relatively rapid process which ‘vitrifies’ or locks-
in a solid structure that can be far from thermodynamic equilibrium, or does not necessarily 
represent the best morphology for photocurrent generation. It is important therefore to 
determine the conditions under which a large interfacial area can be achieved between donor 
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and acceptor materials, albeit with a small degree of phase separation present in order to 
provide percolated pathways throughout the film for charge transport and charge extraction.   
 
As an example of the necessity to balance light absorption with charge extraction as 
discussed at the start of this section, OPVs based on a blend of MEH-PPV or MDMO-PPV 
with PCBM have highest efficiency when the semiconducting layer contains approximately 
80wt% PCBM 42. This result is slightly counterintuitive, as PCBM does not strongly absorb 
visible light 43. However, later studies on this system identified a significant increase in hole 
mobility through the polymer phase upon addition of large wt% of PCBM 44. This 
improvement in charge transport efficiency was large enough to offset the loss of light 
absorption by reducing the wt% of polymer in the active semiconducting layer.   
 
The different blend ‘systems’ which followed –PPV:PCBM based devices had a higher 
efficiency and a conceptually different approach to the fabrication methodology. Figure 2.9 
presents the chemical structures of several key polymers and functionalised fullerenes. P3HT 
was considered a suitable substitute for MEH-PPV and similar PPV derivatives owing to its 
lower band gap (1.95 eV compared to 2.1 to 2.2 eV 45). Additionally, P3HT based OFETs 
were demonstrated to have hole mobilities of up to 0.1 cm2/Vs 46. This promising result 
suggested that OPVs with P3HT as the donor material could incorporate thicker active layers 
compared to OPVs with –PPV derivatives, owing to the likelihood of a longer charge carrier 
drift length as discussed in section 2.4.3. Thus in addition to a lower energy gap, it was likely 
that P3HT:PCBM could more efficiently transport charge over longer distances compared to 
previous blend systems, thereby enabling the use of optically denser active layers.   
!!
!
"#!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: The chemical structures of several key materials used in OPV research. (a) MEH-PPV, (b) 
P3HT, (c) PCDTBT and (d) PCPDTBT, all of which are electron donor materials. The structures of 
PEDOT and PSS, which blended together act as a hole transport material in OPVs is shown in (e), whilst 
the structures of the electron acceptors PC70BM and PCBM are shown in (f) and (g) respectively. 
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In P3HT:PCBM blend OPVs, it was found that post film deposition treatments were the key 
to obtain optimised devices. These have included thermal annealing 47 and solvent vapour 
annealing;  the latter describing either the removal of a deposited but partially wet thin-film 
into a solvent rich environment to alter the drying kinetics 48, or the exposure of dry films to 
one 49 or two 50 solvents in order to swell the film and encourage the crystallisation and self 
organisation of both components 51. Apparently optimised PCEs of between 4 and 5% could 
be obtained for devices with similar electrodes to –PPV:PCBM OPVs 47-48, rising to 5.5% 
upon substitution of PEDOT:PSS with a metal oxide as anode to improve the extraction 
efficiency of holes 52.  
 
The principle effect of these post film-deposition treatments (which are explored in depth in 
Chapters 4 - 6) is to coarsen the phase separation between P3HT and PCBM in order to 
benefit from the improved photovoltaic characteristics of both materials in their semi-
crystalline phase. For example, when P3HT is partially crystalline, it has improved light 
absorption in the red wavelength region of the visible spectrum and greater hole mobility. 
However, the optimum processing parameters for either thermal post-treatment or solvent 
vapour assisted post treatment have generally been empirically derived, with several studies 
following in the wake of optimised device studies attempting to provide a partial explanation 
for why the optimised processing conditions work. In addition, the blend system became a 
test-bed for exploring the interdependence between material properties (for example, the 
regioregularity or molecular weight of P3HT) and optimum processing conditions, and for 
evaluating new characterisation techniques.  
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A key advancement in polymer synthesis was the gradual move towards donor-acceptor 
copolymers as a means to obtain materials with smaller energy gaps. These polymers contain 
alternating units along the conjugated backbone with strong electron or donating 
characteristics 53. This allows a band-gap to form between the HOMO of the donor moiety 
and the LUMO of the acceptor moiety, as the proximity of the units makes it energetically 
favorable to transfer an electron between these two neighboring energy levels. The positions 
of these levels (i.e. the absolute electron affinity and ionization potential of each unit, and 
therefore the bandgap of the overall copolymer) can be tuned by the chemical structure of 
each unit and the position of solubilising side groups 54. The copolymer approach also allows 
for the synthesis of donors with HOMO and LUMO levels that are well matched to the 
energy levels of PCBM, thereby allowing the open-circuit voltage to be maximised.  
 
In 2007 the best OPV system reported was based on the polymer poly[2,1,3-
benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-2,6-
diyl]] (PCPDTBT) as the donor material, the latter being an example of a copolymer 55. The 
band gap of PCPDTBT is ~1.4 eV, and when blended with PC70BM can efficiently absorb 
light throughout the visible and near IR spectrum. Efficiencies of 5.5% were obtained 55, 
however here thermal annealing was found to be detrimental. Instead, solvent additives were 
used to tune the degree of phase separation during the film casting process. These additives 
have a significantly higher boiling point than the primary solvent (typical vol% of the 
additive in the host solvent is 5% or less) and preferential solubility for one material (either 
polymer or fullerene). The higher boiling point and lower vapour pressure of the additive 
relative to the primary solvent allows it to remain in the film after the majority of solvent has 
left (defining the film thickness) and thus partially aggregate one component. This approach 
allows for the partial control of phase separation and crystallisation during the drying process 
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without the need for post-treatment. After demonstrating this effect for PCPDTBT:PC70BM 
OPVs, Moulé et al. looked at its suitability for the P3HT:PCBM system and showed 
promising results 56.  
 
Poly(2,7-) carbazole copolymers started to attract interest as  new OPV donor materials due 
to their relative stability against photooxidation (achieved by deep HOMO levels) and the 
range of band-gaps that could be obtained by varying the chemical composition of the 
electron donating and accepting units 57. In particular, poly[[9-(1-octylnonyl)-9H-carbazole-
2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) 
based OPVs started to attract interest in 2009 after demonstrating PCEs of 4.6% 58.  A later 
study, focusing on the optimisation of the donor:acceptor blend, the casting solvent, careful 
control of the light management within the device (specifically, designing the thin-film stack 
to provide maximum light dissipation within the active semiconducting layer) and electrode 
materials meant that internal quantum efficiencies approaching unity could be achieved 59. 
This implies that under short-circuit conditions, almost each photon absorbed by the active 
layer produces an electron and hole which are eventually extracted from the device. Further 
optimisiation of this system produced PCEs above 7% 60. 
 
At the time of writing (January 2012), the best OPVs continue to use donor-acceptor co-
polymers as the donor material. Efficiencies of just over 8% have been achieved using blends 
of poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), a copolymer, and PC70BM 
60b. An 
apparent trend of optimising the active layer morphology through the drying process alone 
has been established with these material blends. Work has also focused on optimising the 
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anode and cathode and any layers which precede them, which act as blocking layers for 
unwanted charge (for example holes in the vicinity of the cathode) 61. These interfacial layers 
are typically thin (< 20 nm) and highly transmissive, however the incorporation of such 
layers affects the position at which light dissipation occurs within the device (and thus charge 
generation). In addition to maximising the efficiency of charge extraction therefore, hole or 
electron blocking layers can also increase the amount of light absorbed within the active layer 
of the solar cell 61c, 62. This is a promising method for increasing light absorption in 
semiconducting materials with low charge carrier mobility (consequently small Ldrift) that 
cannot operate efficiently when deposited as thick layers.  
 
Although most of the attention in materials synthesis has been towards new donor polymers, 
alternative acceptor materials (polymers and functionalised fullerenes) have also been 
produced and tested. Higher fullerenes (e.g. C70) exhibit stronger absorption in the visible 
region relative to C60 and show the largest relative improvement over C60 when blended with 
donor polymers with relatively limited absorption at ~500 nm 43.  Whereas many polymers 
have been synthesised to match the energy levels of PCBM or PC70BM in order to maximise 
VOC, Zhao and coworkers studied the reverse approach of tuning the energy levels of the 
acceptor to the donor 63. Using indene-C60 bisadduct, PCEs of 6.5% could be obtained using 
P3HT as the donor material, demonstrating that for the right blend combination, high 
efficiencies can be obtained using a relatively high band-gap semiconducting material. 
However, the embedded energy of fullerene synthesis and functionalisation is considerably 
higher than for conjugated polymer synthesis 64. In order to reduce the embedded energy and 
cost of OPVs therefore, alternatives to fullerene acceptors have been proposed. Whilst some 
conjugated polymer acceptors have been demonstrated to display promising characteristics, 
high power conversion efficiencies have yet to be obtained 65. This is most likely due to a 
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poor donor:acceptor morphology and/or limited acceptor strength, leading to increased 
charge recombination. 
 
The evolution of donor:acceptor blends for OPVs has led to the development of a number of 
models that link efficient photocurrent generation to the nanoscale structure, or ‘morphology’ 
of the blend thin-film 66, and also for predicting some of the processing conditions for 
optimising unexplored donor/acceptor blends. The optimum donor/acceptor composition is 
thought to be strongly influenced by the miscibility between the two components 67 and the 
ability of the either material to crystallise. The former point can be clarified by considering 
the chemical structure of the conjugated polymer and in particular whether the fullerene 
molecules can ‘sit’ between the solubilising alkyl side groups of the polymer. Where this is 
possible, a typically relatively high wt% of fullerene is required in the blend thin-film in 
order to ‘fill’ the polymer phase with molecules and still provide sufficient material to form 
the pure acceptor regions needed for efficient electron transport 67-68. Blends of –PPV:PCBM 
and PCDTBT:PCBM fall into this category, with optimised blends containing ~66-80wt% 
fullerene. For blends of P3HT:PCBM, the relatively higher density of alkyl chains on the 
thiophene backbone of P3HT do not permit the same degree of molecular mixing. 
Consequently, and owing to their ability to self-organise with relative ease, P3HT and similar 
polymers have a propensity to form relatively pure domains in a blend thin-film. This 
suggests that the best morphology is a two-phase system, with processing routes designed to 
maximise the crystallinity of each phase without driving overly coarse phase separation, i.e. 
limiting the phase separation to nanoscale crystallites of a size commensurate with the 
exciton diffusion length. To an extent this model is correct; several studies have correlated 
improved opto-electronic characteristics with improved packing of the polymer, particularly 
along the !-! plane – thereby facilitating efficient interchain charge transport 69. However, 
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some degree of mixing between donor and acceptor in their amorphous phases is encouraged 
in order to connect these nanocrystals. Detailed measurements on the phase behaviour of 
P3HT:PCBM films have suggested that PCBM is relatively soluble in amorphous P3HT 
(disrupting !-! stacking), indicating that a three-phase picture may be a better representation 
of donor:acceptor morphologies 70.  
 
The diagram in Figure 2.10 provides a schematic of the likely networks present in a 
polymer:fullerene BHJ OPV. To elucidate and quantify the nanostructure of these blend 
films, a number of techniques have been used, some of which are discussed in the following 
chapter. From Section 2.3 it is apparent that the length scales associated with exciton 
diffusion can give indirect information about the morphology of blend thin-films. For 
example, a relatively high degree of fluorescence quenching from a blend thin-film relative to 
a sample of pure donor material may indicate efficient mixing of donor and acceptor. Thus 
spectroscopic techniques can provide indirect information on the nanoscale morphology of 
blend films 71. 
 
The theory and literature outlined in this chapter provides the necessary background for 
interpreting the work presented in the rest of this thesis. In particular, the concepts of 
absorption and fluorescence, introduced in section 2.3, are discussed for both blend systems 
explored, and are used as indirect probes of film nanostructure. Additionally, the overview of 
key literature presented in this section provides a context for the thesis by highlighting the 
differences in processing conditions needed to optimise different OPV blend systems.  
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Figure 2.10: (a) schematic illustration of a bulk-heterojunction donor:acceptor morphology. The 
condition for efficient photocurrent generation is approximately met by the intimate mixing throughout 
the blend layer of donor and acceptor materials, in addition to a percolated network of each phase to 
connect the bulk of the layer to the electrodes.  In parts (b) to (d) the steps of photocurrent generation are 
outlined from an energy level perspective: (b) light absorption (green line) leads to exciton generation on 
the donor phase, (c) exciton diffusion towards a donor/acceptor interface prior to separation, (d) free 
charge generation, transport and extraction into the electrodes. These diagrams follow the same format as 
Figure 2.6.  
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CHAPTER 3: METHODS 
SECTION 3.1: INTRODUCTION 
 
In this chapter the procedures for sample preparation and the techniques for sample 
characterisation are described. In Section 3.2 the materials used in this thesis are presented, 
after which the methods for preparing solutions and thin films are outlined. The fabrication 
process for Organic Photovoltaic Devices (OPVs) and hole-only devices is discussed in 
section 3.3. The experimental techniques are covered in section 3.4. Where collaborative 
work has been included or referred to in this thesis, a summary of the technique used is given 
for the aid of the reader.  
 
SECTION 3.2: MATERIALS, SOLUTION AND THIN FILM 
PREPARATION 
 
All of the materials for the work in this thesis were used as-received from the supplier. P3HT 
was supplied by Rieke Metals (Product 4002E). The molecular weight of the polymer was 
13,510 g/mol as determined by gel permeation chromatography (GPC). The regioregularity 
was between 90% and 95%, according to manufacturer specifications. PCBM and PC70BM 
were supplied by Solenne to purities of 99% and 95% respectively. PCDTBT was synthesised 
by the Department of Chemistry at the University of Sheffield, and had a molecular weight of 
33,100 g/mol as determined by GPC. Except where stated, sample preparation was conducted 
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under glove box conditions, with the dry nitrogen atmosphere typically containing water and 
O2 content of between 2 and 5 ppm. 
 
To prepare thin films either of pure materials or blends, the materials were first dissolved into 
a chlorinateted solvent (anhydrous with greater than 98% purity) supplied by Aldrich. For 
P3HT and PCBM, chlorobenzene, 1,2-dichlorbenzene or 1,4-trichlorobenzene were used. 
Chloroform was used as casting solvent for studies on PCDTBT and PCDTBT:PC70BM. 
Solutions were prepared in borosilicate amber glass vials to minimise the risk of solvent 
photo-degradation. Materials were weighed out using a calibrated microbalance in ambient 
conditions before mixing with solvent in a glove box environment. For studies on 
P3HT:PCBM the concentration of P3HT and PCBM precursor solution was kept constant at 
25 mg/ml in all solvents. Blend solutions were subsequently prepared by mixing precursor 
solutions by volume in order to obtain the desired solid weight composition (wt%). For 
studies on PCDTBT and PCDTBT:PC70BM thin films, the concentration of PCDTBT and 
PC70BM precursor solutions was 4 mg/ml and 25 mg/ml respectively. To encourage 
dissolution of material, solutions were placed onto a hotplate held at 70˚C for a period of up 
to 24 hrs.  The final step in solution preparation was filtration, through a 0.25 µm PTFE filter 
after the solutions were cooled down to room temperature. Following filtration solutions were 
typically used within one hour to minimise gelation or aggregation of solid contents.  
 
Thin films were prepared by spin-coating, or for the work presented in chapter 4, section 4.1, 
by bar-coating.  For spin-coating, a droplet (30-50 !l) of solution is deposited via pipette tip 
onto a substrate that can either be stationary or already rotating. For samples in this thesis the 
second method was used throughout. Spin-coating is a relatively rapid film forming process, 
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owing to the amount of excess solution which is initially expelled from the substrate. Any 
remaining solution that has wetted the substrate subsequently dries to form a relatively 
smooth and uniform film. The following relationship is used to relate film thickness, d, to 
experimental conditions in spin coating, 
 
! 
d"c#
$      
 {3.1} 
 
Here c and ! are the solution concentration and solution viscosity respectively and " is the 
rotation speed (rad s-1) of the substrate.   
 
For thin films prepared by bar-coating, 90 !l of solution was deposited via a computer 
controlled syringe pump in front of a wire bound steel rod resting on a silicon / native oxide 
substrate. Capillary action allows the solution to wick along the length of the bar, which is 
subsequently spread by translating the bar across the substrate. In this work, the translation of 
the bar was controlled by computer. In addition, small weights were placed at either end of 
the bar to ensure a uniform pressure was applied across the substrate. In contrast to spin-
coating, a far smaller percentage of the deposited solution is wasted and the drying time 
(typically) is far greater. A schematic of the bar coater used in this thesis is presented in 
Figure 3.1. 
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Figure 3.1: Schematic of a bar-coater illustrating the film deposition process. A pipette tip (here 
illustrated in red) is attached to the bar and connected to a syringe pump (not shown). Solution deposition 
occurs prior to translation of the bar across the substrate. The direction of film spreading is indicated by 
the blue arrow.  
 
Thin films for microscopy or spectroscopy characterisation were cast onto glass or 
silicon/native oxide substrates. Prior to film casting, substrates were sonicated in warm 
isopropanol (IPA), dried under N2 flow and subject to a brief (5 to 10 minutes) O2 plasma to 
remove any residual organic material. Film thicknesses were determined across a scratch 
made into the film using either profilimetry (Dektak  3) or atomic force microscopy. 
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SECTION 3.3: DEVICE PREPARATION 
 
A schematic of the devices fabricated in this thesis, illustrating the different layers present, is 
presented in Figure 3.2. All devices were fabricated onto 15 x 20 mm2 glass substrates, pre-
patterned with a 100 nm layer of Indium Tin Oxide (ITO). Prior to use, these substrates were 
sonicated in warm NaOH (10 wt% in water)i, deionised water and IPA. An aqueous 
dispersion of PEDOT:PSS (Baytron 4083 Special Grade) was used to spin-cast the hole 
transport layer in ambient conditions after passing through a 0.25 µm PVDF filter. For all 
devices this layer had a thickness of 30 ± 4 nm.  
 
Figure 3.2: Diagram illustrating the architecture and different layers present in OPVs fabricated for this 
thesis. Part (a) shows the glass/pre-patterned ITO substrate, subsequently coated with PEDOT:PSS (b), 
active semiconducting layer (c) and aluminium cathode through a shadow mask (d). A photograph of a 
complete device, after encapsulation with a glass cover slip is presented in (e). 
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Before deposition of the active semiconducting layer, the PEDOT:PSS coated 
substrates were transferred into a dry glove box environment and baked at 115°C for 
two minutes to remove any residual water content. Semiconducting thin films were 
prepared by spin-casting solution onto a substrate, with spin speeds between 750 rpm 
and 2500 rpm typically used. For blend thin films of P3HT:PCBM the thickness was 
kept constant at 70 ± 4 nm, with the substrate spin-speed used as a variable to 
compensate for variations in solution viscosity.  After preparing the active layer, any 
semiconducting material in contact with the top ITO electrical contact was removed via 
gentle wiping using a cotton bud dipped in IPA (or, for PCDTBT samples, chloroform). 
This step was necessary to allow for electrical contact between the cathode and ITO 
strip (as shown in Figure 3.2(d)). Following this step, samples were transferred within 
the glove box to a high-vacuum system for thermal evaporation of a cathode. Note that 
for samples subject to a solvent vapour anneal, samples were transferred into a metal 
container ii prior to cathode deposition. Within the container the samples were held on a 
rack raised above the container base. A small quantity (~5 ml) of neat solvent at the 
container base provided a solvent rich atmosphere.  
 
For all OPVs 100 nm of aluminium was used as the cathode. This was typically deposited at a 
rate of 1-2 Ås-1 at a pressure of ~10-6 mbar. For hole only devices, 100 nm of gold was used, 
deposited at a rate of approximately 5 Ås-1 at a pressure of 10-5 mbar. Samples for hole only 
devices were subject to approximately 10 minutes exposure to ambient conditions during 
transfer from a glove box environment to a thermal evaporator. During electrode deposition a 
shadow mask was used to define two stripes across each device. The overlap of ITO and top 
electrode defined the active area of each pixel, which was 1.5 x 3 mm2. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
ii Cylindrical, approximately 15 cm in height and 10 cm in diameter.  
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Thermal annealing, where used, was carried out on samples after deposition of the top 
electrode. Samples were placed onto a hot plate held at the required temperature, thus 
facilitating a rapid heating process. After isothermal annealing, samples were immediately 
transferred onto a copper plate held at ambient temperature, thereby facilitating a rapid 
cooling process.  
 
The final step in device fabrication was encapsulation of the central area of each substrate, to 
improve the stability of the device when transferred and subsequently tested under ambient 
conditions.  For encapsulation, a glass side and curable epoxy was used. Devices were placed 
under UV light for 30 minutes in order to set the epoxy.  
 
SECTION 3.4: EXPERIMENTAL TECHNIQUES 
SECTION 3.4.1: UV-VISIBLE SPECTROSCOPY 
 
The mechanisms for light absorption and emission from organic semiconductors are covered 
in chapter 2, section 2.3. For both absorption and photoluminescence (PL) measurements, 
spectra were acquired under steady state conditions using a Horiba Fluoromax 4 
Spectrofluorimeter. All samples were measured under ambient conditions. To minimise any 
effects of sample degradation upon exposure to air, samples were measured immediately after 
transfer from a dry nitrogen glovebox. A schematic of the Fluoromax 4 is shown in Figure 
3.3. The instrument allows for continuously variable excitation (200 to 950 nm, optimsed in 
the UV) by means of a xenon arc lamp and monochromator. A photomultiplier tube (PMT) is 
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used to measure emission (200 to 850 nm, optimised in the visible). A photodiode placed 
prior to the sample monitors the output of the lamp, thereby providing a correction factor for 
any temporal or wavelength variations in lamp power.  
 
Figure 3.3: Layout of the optical components within the Horiba Fluoromax 4. For clarity, only the first 
instance of each component (i.e. mirror, slits and grating) is labeled. The light path of the excitation and 
emission beams are given in blue and red respectively.  
 
Absorption spectra were obtained in transmission geometry i.e. a silicon photodiode was 
placed in the path of the light incident upon a sample.  
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The absorbance A, or optical density O.D. for a thin film can be calculated using the 
following expression, 
 
! 
A =O.D.= "log10
I #( )
I0 #( )
$ 
% 
& 
' 
( 
)      {3.2} 
 
where I(!) and Io(!) are the sample transmittance and reference transmittance (as a function of 
wavelength) respectively over the wavelength range of interest. For the reference spectrum, 
an uncoated substrate was placed in front of the photodiode. In addition, both transmittance 
spectra were normalised against the power output recorded by the reference detector to 
account for any potential variations in light output between the separate measurements.  
 
PL spectra were obtained in reflection geometry, with any emission collected at 90o relative 
to the excitation beam. Emission was detected using a photomultiplier tube (PMT) and 
normalised against the signal from the reference detector (proportional to incident light 
intensity). To minimise any specular reflection of the excitation light onto the collection 
optics, samples were orientated at 30o away from the beam. A long-pass filter was also placed 
before the collection optics to prevent second-order reflections of the excitation light reaching 
the PMT.  
 
The PL spectrum for a thin film was first calculated by subtracting from the raw data any 
signal from an uncoated substrate measured under identical conditions.  To calculate the 
corrected emission intensity ICorrected from the thin film, absorption effects from either the 
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filter or sample itself (through self-absorption) were accounted for by using the following 
expression,  
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      {3.3} 
 
Here IMeasured is the raw emission data, and ODex and ODem represent the optical densities of 
the excitation and emission attenuation respectively.   
 
SECTION 3.4.2: ATOMIC FORCE MICROSCOPY 
 
Atomic Force Microscopy (AFM) is a scanning probe microscopy technique whereby a 
cantilever with a sharp (several nm in curvature) tip on one end is rastered across the surface 
of a sample. AFM can be performed by keeping the tip in direct contact with the sample 
throughout the measurement (‘contact mode’) or oscillating the cantilever to provide 
intermittent contact between tip and sample (‘tapping mode’). Owing to the relative softness 
of the materials studied in this thesis, tapping mode AFM was used throughout. Although 
spatial resolution is reduced and data acquisition times are increased, sample damage is 
minimised.  A schematic of the setup is presented in Figure 3.4. In tapping mode AFM, the 
cantilever is driven close to its resonance frequency, with the tip coming into contact with the 
sample at its maximum displacement. The displacement of the tip is monitored via a laser 
beam directed to the top of the cantilever and deflected onto a split four-quadrant photodiode.  
An electronic feedback loop maintains constant oscillation amplitude by monitoring the RMS 
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of the amplitude signal on the photodetector. A topographic ‘image’ of a sample surface is 
constructed by recording the relative height of the scanner at each position in the scan area 
which is needed to maintain a constant  ‘setpoint’ amplitude. A series of piezoelectric motors 
are used for scanning the cantilever along the sample surface (x,y), with a separate 
piezoelectric motor used for adjusting the vertical position (z) of the cantilever or sample. 
 
Figure 3.4: Schematic of the principle components in an AFM. Relative motion between sample and tip 
may be achieved via orthogonal (x,y and z direction) piezo-electric motors which displace either the 
cantilever (i.e. motors placed above the sample) or the sample stage (motors placed below the sample). 
Note that an electronic feedback loop (not shown) exists between the detector electronics and the 
controller electronics linked to the cantilever.  
 
For phase imaging, a separate controller module monitors the phase lag between the 
cantilever oscillation signal and the signal sent to the piezoelectric motors at each position 
(x,y) in a scan. This quantity is sensitive to material properties (for example adhesion), thus 
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providing a contrast mechanism in samples containing more than one material, or a single 
material in difference phases (e.g. amorphous and semi-crystalline). The resolution of phase 
imaging though tapping mode AFM is comparable to contact mode AFM, with the added 
benefit that boundaries on a sample surface that are potentially obscured by large height 
variations can be seen with greater clarity. A Veeco Instruments Dimension 3100 or 
Multimode 4 was used to perform AFM. Aluminium coated silicon tips from Budget Sensors 
(Tap 300 Al-G) with a resonance frequency of 300kHz and spring constant of 40 N/m were 
used throughout. The obtained data was processed using the Gwyddion software package.  
 
SECTION 3.4.3: SPECTROSCOPIC ELLIPSOMETRY 
 
Spectroscopic Ellipsometry (SE) measures the change in polarisation of a light beam 
reflected from a sample relative to a reference signal. These changes are sensitive to the 
optical properties and thickness of the sample under investigation. Consequently it is these 
characteristics that can be extracted in an ellipsometry experiment. In this work a J A Wollam 
M2000v instrument was used, which is illustrated schematically in Figure 3.5.  The 
wavelength range of the instrument is 370 to 1000 nm. Light from a xenon lamp is passed 
though a monochromator, fixed angle polariser and mechanical chopper before reaching the 
sample.  Upon reflection, the light is passed through a rotating polariser analyser before 
reaching a detector. Note that both the light source and detector are positioned at the same 
angle above the plane of the sample surface. Two quantities are measured, rs and rp, which 
represent the amplitude of light orientated perpendicular and parallel to the plane of incidence 
respectively. These quantities are normalised to their initial values.  
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Figure 3.5: Schematic of the principle components inside a spectroscopic ellipsometer. Components 
inside the source head (left module) are labeled individually. Note that a rotating polariser-analyser is 
contained within the detector head.  
 
The ratio of rs to rp is the reflectance ratio, !, which can be written as follows, 
 
! 
" =
rs
rp
= tan #( )ei$       {3.4} 
 
Note that ! is a complex quantity. From the quantities " and # it is possible to determine the 
thickness of the sample and its complex refractive index, ñ = n + ik, by building a model to 
best match " and # as a function of wavelength. Here n and k represent the refractive index 
and extinction coefficient respectively.  
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Film thicknesses were estimated using a Cauchy dispersion model, which considers the real 
component of ñ only. This is expressed as, 
 
! 
n = A +
B
"2
+
C
"4
      {3.5} 
 
where A, B and C are positive constants to be determined through the fitting process. A 
limitation of the model is that it can only be applied to data corresponding to a transmissive 
(k ! 0) wavelength region of a material, for example below the band-gap of a semiconductor.  
 
To model ! for wavelengths at which a film is absorbing, both n and k must be accounted for. 
To minimise the number of fitting parameters, the thickness determined by the Cauchy model 
is used as an input. A Lorentz oscillator model can be used as a spline model to fit to the data, 
which can be written in the following form, 
 
! 
"
~
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2
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      {3.6} 
 
Here E is the photon energy and A, B, EC and "offset represent the amplitude, broadening, 
center energy and offset respectively for a modeled absorption band.  
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The CompleteVASE software package was used to collect and model the ellipsometry data. 
The quality of the fit is quantified by its mean squared error (MSE), which considers the 
difference between modeled and measured data sets. It is important to acknowledge that the 
modeling process is regressive and thus has the potential to settle into a local MSE ‘minima’, 
away from the best apparent fit (global minimum MSE). Also the fitting procedure may yield 
values of n or k that are non-physical. Thus complimentary techniques (for example, 
profilimetry or absorbance measurements) are used to judge the goodness of any modeled 
fits.  
 
SECTION 3.4.4: GRAZING INCIDENCE WIDE ANGLE X-RAY 
SCATTERING 
 
Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) is a diffraction technique for 
characterising structural features in a thin film at a length scale ranging from a few 
Angstroms up to several nanometers. As with conventional WAXS, from a GIWAXS 
experiment it is possible to characterise the unit cell dimensions of a material, crystallite size 
and overall material crystallinity (i.e. the relative fraction of amorphous to crystalline 
material). Using a 2D detector it is also possible to measure and characterise the texture 
(orientation with respect to a reference plane) of any crystalline domains present. The 
advantage of GIWAXS over WAXS is the substantial increase in sampling volume that is 
achieved by illuminating the sample at a low angle of incidence. If the sample covers a 
sufficiently large area, X-rays will typically interact with the sample over a path length of 
several cm in a GIWAXS experiment. In contrast, the path length will equal the sample 
thickness for a WAXS experiment performed in a transmission geometry. Thus GIWAXS is 
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more suited for probing the crystal structure of materials which weakly scatter X-rays, for 
example organic semiconductors. By using X-rays from a synchrotron source, the high flux 
of incident photons improves the signal-to-noise ratio and permits relatively short data 
acquisition times for the types of materials studied here, or for the possibility for tracking 
dynamic processes that occur over short time intervals. The experimental beam lines I07 and 
I22 at the Diamond Light Source were used to collect GIWAXS data for the samples 
investigated in this thesis, using X-rays with energy of 8 to 12 keV. A schematic of the set-up 
used is presented in Figure 3.6. 
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Figure 3.6: The geometry of a GIWAXS measurement is presented in part (a), highlighting the different 
paths light may take upon interaction with the sample. Here ! represents the angle of incidence between 
the incident X-rays and the plane of the sample surface. The angle 2" is defined as the scattering angle 
between the scattered and transmitted X-rays. A top-down view of the experimental layout is presented 
in (b) with principle components labeled. Note that in order to reduce the scatter of X-rays by air the 
sample is housed within a closed cell through which He gas may be pumped. For the same reason, the 
detector sample distance should be minimised.  
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As shown, the sample (a thin film deposited onto silicon / native oxide substrate) is tilted at a 
shallow angle ! relative to the path of an X-ray beam. These samples are prepared in a 
similar manner to samples prepared for the other characterisation techniques used in this 
thesis. Typically, the sample is tilted at a critical angle !c in order to maximise the intensity 
of the scattered X-rays from the thin film, which roughly corresponds to the point at which 
incident X-rays undergo total internal reflection. Below this angle the incident beam the 
penetration depth of X-rays is restricted to the surface of the film, and thus the sampling 
volume of material is relatively small. Above !c incident X-rays may penetrate through to the 
sample substrate, which eventually dominates any scattering signal. The angle !c varies from 
material to material. However for conjugated polymers it is of the order of 0.1o. It can be seen 
that by varying ! in an experiment, it is possible to selectively scatter X-rays from either the 
surface of a film or its bulk. Consequently, although not the focus of this work, it is possible 
to build a vertical profile of structural order within a thin film.  
 
A 2D detector is placed in the path of the incident X-rays to collect any light that has 
interacted with the sample. The incident X-ray photons may undergo transmission, reflection 
or diffraction upon interaction with the sample, or scatter from the sample surface. It is 
possible that the detector will collect light that has undergone each of these processes. 
Because it is only the diffracted and scattered light which is of interest, appropriate 
attenuation must be included in the experimental set up to minimise the other signals, which 
can potentially be significantly more intense and swamp any useful data. A beam stop is used 
for this purpose – a small metal (typically lead) point several mm in thickness is positioned 
between sample and detector to attenuate the transmitted and specularly reflected X-ray 
beams. To reduce the amount of X-ray scatter by air, the signal-to-noise ratio of the diffracted 
light is improved by housing samples within a chamber containing a helium atmosphere. 
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Bragg diffraction governs the conditions under which X-rays undergo coherent diffraction 
with an ordered material. This can be described using Bragg’s Law, where 
 
! 
n" = 2d sin #( )        {3.7} 
 
Here n (an integer) is the order of the reflection, ! is the wavelength of X-ray photons, d is 
the distance between planes in a crystal lattice and " is the angle between the incident X-ray 
beam and the scattering plane. It is apparent that a diffraction experiment yields information 
in reciprocal space (i.e. diffraction peaks at relatively high angles correspond to planes that 
have relatively small separation). In order to extract real space information, X-ray light as a 
function of scattering angle is instead considered as a reciprocal space quantity Q, using the 
following transformation, 
 
! 
Q =
4" sin #( )
$
=
2"
d
     {3.8} 
 
Here the terms ", ! and d have the same definition as in Equation 3.7. In order to set this scale 
on a detector, a material with well characterised Bragg peaks is used as a calibrant. For data 
presented in this thesis, Silver Behenate power was used to calibrate the detector.  
 
The full-width at half-maximum (FWHM) of a diffraction peak can yield information 
regarding the size of crystalline domains. The coherence length L is given simply as L = 2#/$ 
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where ! is the FWHM of a diffraction peak. L estimates the distance over which crystal 
planes maintain a constant orientation with respect to a reference plane (e.g. the sample 
substrate).  
 
Alternatively, the Scherrer Equation may be used to determine the mean domain size ", given 
by,  
 
! 
" =
K#
$ cos %( )
     {3.9} 
 
Here K is a factor relating to the shape of the crystallite, # is the wavelength of X-ray 
photons, $ is the FWHM of a peak and % is the diffraction angle. The shape factor is 
dependent upon the aspect ratio of the crystals and therefore may vary from material to 
material. It is common practice to set K = 0.9 to provide a relative domain size between 
different samples. Note that both L and " will estimate a lower bound to the actual crystal 
domain size as other factors (e.g. instrumental effects) may broaden the diffraction peaks.  
GIWAXS data was collected using custom-written Diamond software and analysed using the 
FiberFix software package. 
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SECTION 3.4.5: DEVICE CHARACTERISATION 
 
Three techniques are used in this work for device chacterisation: photocurrent and dark 
current measurements (both as a function of applied bias) and photocurrent measurements at 
short-circuit conditions as a function of incident light wavelength. As discussed in chapter 2, 
section 2.5 it is the technique which can be used to determine the power conversion 
efficiency (PCE) of a device, whilst the third determines its external quantum efficiency 
(EQE). Dark current measurements are used to calculate the mobility of charge carriers 
within a device under the space charge limited regime, as discussed in chapter 2, section 
2.4.5. 
 
For PCE measurements, an OPV is connected to a custom-built test board via metal 
connections to each ITO strip. This board is placed beneath a Newport Lot Oriel 91159 Solar 
Simulator. The light from the simulator is filtered to approximate the AM 1.5G solar 
spectrum which was presented in Figure 1.1. A silicon photovoltaic device traceable to 
National Renewable Energy Laboratory (NREL) is used to calibrate the power output of the 
simulator to 1 sun (100 mW/cm2) and the ambient temperature of the illuminated area to 
25oC. A Keithly 237 source measure unit, controlled via computer, is used to measure the 
current from an OPV as a function of applied bias. The same setup is employed for dark 
current measurements, albeit with the simulator off and the device covered with black-out 
fabric.  
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For EQE measurements an OPV is mounted onto electrical contacts in front of a 
monochromated tungsten lamp. The setup is illustrated schematically in Figure 3.7. Over the 
wavelength range of interest, the current from the device is measured using the same 
equipment for the PCE measurement. Here however no voltage bias is applied to the device.  
For each experiment the current response of a silicon photodiode (with known quantum 
efficiency) is also measured. The ratio between the measured OPV current and photodiode 
current, normalised to the quantum efficiency of the photodiode, determines the external 
quantum efficiency of a device. 
 
 
Figure 3.7: Schematic of the EQE setup, with principle components labeled. Note that the sample and 
photodiode are mounted onto a translation stage in order to move either element into the path of light 
exciting the monochromator.    
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SECTION 3.4.6: HELIUM ION MICROSCOPY 
 
Helium Ion Microscopy (HeIM) is a surface characterisation technique whereby a focussed 
beam of He ions are rastered across a sample.  The microscope is illustrated schematically in 
Figure 3.8.  The ion beam is generated by ionisation of the imaging gas in the vicinity of a 
source. The source is constructed from a metal needle, which is manipulated by application of 
a high voltage until the apex of the needle resembles an atomically sharp tip. The most stable 
tip structure consists of three atoms in a trimer formation, and it is only these atoms that 
generate the ion beam. The ion beam emission from one atom is selected for imaging. Upon 
exit from the source chamber, the ion beam is collimated, apertured, directed and then 
focused onto the surface of a sample. Secondary electrons are one by-product of the 
interactions between He ions and the material(s) studied, and it is the generation rate / yield 
of secondary electrons that are measured as a function of position. This quantity is used to 
provide a contrast mechanism for the constructed grey scale images.  
 
HeIM was performed using a Carl Zeiss Orion PLUS at the Department of Electronics & 
Computer Science, University of Southampton. Secondary electrons are measured with an 
Everheart-Thornley detector (a positively biased scintillator coupled to a photomultipler tube) 
housed within the microscope. Data analysis was performed using the ImageJ software 
package.  
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Figure 3.8: Principle components within a HeIM. Note that the optics, sample and detector are all 
enclosed within a high-vacuum environment.  
!
SECTION 3.4.7: NEUTRON REFLECTIVITY 
 
Neutron Reflectivity (NR) is a diffraction technique that can be used to determine the vertical 
composition of thin films. Reference is made to NR measurements in chapter 7. Andy 
Parnell, Christy Kinane and Robert Dalgliesh performed these experiments at the ISIS 
Neutron Source on thin film samples prepared by myself. In an NR experiment, a collimated 
beam of neutrons with a pre-defined distribution in momenta are directed onto a sample at a 
low angle of incidence (~1-2o). Neutrons to have undergone specular reflection from the 
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sample surface are measured using a time of flight detector, with neutrons of greatest velocity 
arriving first. A requirement of the sample is that the surface be extremely flat in order to 
maximise the intensity of the specularly reflected light. The layout of the experiment is 
similar to GIWAXS (see Figure 3.6). Here however the detector is raised to be at the same 
angle relative to the sample surface as the incident neutron beam.  
 
A reflectivity profile is generated by measuring the relative intensity of neutrons as a function 
of momentum transfer i.e. the change in momentum upon reflection. Contrast in a sample is 
obtained because neutrons are sensitive to variations in nuclei density. In an analogous 
manner to Spectroscopic Ellipsometry, a model must be constructed to interpret the 
reflectivity profile. As an input to the model, the scattering length density (SLD) of neutrons 
by each material(s) within the sample must be known. Subsequently a model profile can be 
constructed by considering the sample as a number of layers, each characterised by a 
particular thickness, roughness and SLD composition.  
 
SECTION 3.4.8: DYNAMIC MECHANICAL THERMAL 
ANALYSIS 
 
Dynamic Mechanical Thermal Analysis (DMTA) is a complimentary technique to 
Spectroscopic Ellipsometry for determining phase transitions in polymers. Reference is made 
to DMTA measurements on P3HT:PCBM blend films in chapter 6 that were performed by 
Paul Hopkinson at the University of Cambridge. In a DMTA experiment the sample of 
interest is clamped between two metal plates, one connected to a linear motor and the other to 
a differential transformer. A temporally varying sinusoidal stress is applied to the system and 
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its strain is measured as a function of sample temperature. Practically, a stress is applied to 
the system by the linear motor. Any strain is measured by relating a voltage change across the 
transformer to the displacement of its magnetic core. A glass transition will manifest itself as 
a maximum in a plot of tan ! vs temperature, where ! is the phase lag between stress and 
strain signals. Physically, exceeding the glass transition temperature corresponds to a 
decrease in material stiffness and an increase in material viscosity.  
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CHAPTER 4: IN-SITU 
CHARACTERISATION OF BLEND 
THIN FILM FORMATION & 
INFLUENCE OF THE CASTING 
SOLVENT ON DEVICE 
PERFORMANCE OF P3HT:PCBM 
OPVS 
 
SECTION 4.1: INTRODUCTION 
 
In this chapter the evolution of structure during the casting of P3HT:PCBM blend 
thin-films and the influence of the casting solvent on the efficiency of P3HT:PCBM 
OPVs is discussed. As the casting process represents one of the earliest steps in the 
construction of an OPV, understanding the processes that occur provides a suitable 
starting point for discussing the various stages in the fabrication of an OPV; subjects 
that are addressws both in this chapter and in later parts of this thesis. In section 4.2, a 
summary of results from a collaborative investigation into the in-situ characterisation 
of bar-coated P3HT:PCBM thin-films using spectroscopic ellipsometry (SE) and 
grazing-incidence wide-angle X-ray scattering (GIWAXS) are presented 1. The 
evolution of film drying is shown to occur over a three stage process, with 
crystallisation of P3HT observed once the P3HT:PCBM mass fraction of the blend 
solution exceeds approximately 50 wt%. P3HT crystallisation then proceeds at a 
relatively rapid pace until the fraction of residual solvent falls below 20 wt%. The 
final period of residual solvent removal is correlated with a reduction in the rate of 
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crystallisation. These processes were shown to be general for a range of different 
casting conditions investigated 1.  
 
The insight gained into the formation of structure within an as-cast blend thin films 
provides a starting point for a study on the influence of the casting solvent on the 
photovoltaic efficiency of P3HT:PCBM blend OPVs. In section 4.3, a device study 
for P3HT:PCBM OPVs having a fixed blend composition, but cast from one of three 
different solvents is presented. These films were treated to a post-deposition ‘solvent 
anneal’ and thermal bake, processes that can be used to further improve device 
efficiency over untreated controls. It is shown how films that initially result in 
relatively low efficiency devices can eventually be used to create relatively efficient 
OPVs following exposure of the active semiconducting film to a solvent rich vapour. 
This trend persists for devices subject to a post cathode-deposition thermal anneal. 
The sensitivity of device efficiency to initial casting conditions demonstrates the fine-
tuning of the fabrication process that is needed to maximise the efficiency of the 
P3HT:PCBM OPVs, and shows that a film having a relatively high initial degree of 
crystallinity is not necessarily the most promising starting point to create a high 
efficiency OPV. 
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SECTION 4.2: THE EVOLUTION OF STRUCTURE DURING THIN 
FILM DEPOSITION 
 
The following section summarises work conducted as part of a collaboration between 
the Universities of Sheffield, Cambridge, Cardiff and staff of the Diamond Light 
Source in Oxfordshire. I took part in the experiments at Diamond, helping with the 
preparation of samples and with the acquisition of data. I also contributed to the 
interpretation of the data gathered at Diamond. The SE data presented here was 
recorded by Dr Tao Wang. 
 
To observe the processes that occur during the drying process, thin-films of 
P3HT:PCBM were deposited using a bar-coating technique, illustrated schematically 
in chapter 3, section 3.2 (Figure 2.1). By adopting bar-coating as the film-deposition 
method for in-situ characterisation, films cast under ambient conditions with relevant 
(i.e. chlorinated) solvents dry on the timescale of 10’s seconds, allowing for a 
relatively high temporal resolution monitoring of the process using SE or GIWAXS.  
Given the sensitivity of P3HT:PCBM blend thin film structure to the drying process, a 
subject discussed in section 4.3, this approach does not allow for the direct 
comparison between films prepared using bar-coating or spin-coating. However we 
can compare samples cast using the same technique but using different casting 
solvents. In Figure 4.1, the thicknesses of P3HT:PCBM blend films (1:0.8 wt%) cast 
from CB at different substrate temperatures are presented.  Here the thickness has 
been estimated from a Cauchy model of the raw ellipsometry data as discussed in 
chapter 3, section 3.4.3.  
!!
"#!
 
 
 
Figure 4.1: Thickness changes of for P3HT:PCBM (1:0.8 wt%) blend thin-films cast from CB 
onto silicon / native oxide substrates as a function of drying time. Part (a) shows the influence of 
substrate temperature (30, 40 or 50˚C) on film drying time, whilst part (b) focuses on the final 
stages of drying for a blend thin-film cast onto a substrate held at 30oC. The definition of the 
labelled stages (I, II, III) will be discussed in the following section. 
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From Figure 4.1(a), it can be seen that the drying time for a P3HT:PCBM blend thin 
film can be reduced by casting a film onto a substrate held at an elevated temperature.  
It is apparent that the drying process at all substrate temperatures is dominated by an 
approximately linear decrease in sample thickness. This stage accounts for over half 
of the total drying time. The results presented here are in good agreement with the 
study by Schmidt-Hansberg et al. 2, who monitored the drying of P3HT:PCBM blend 
thin-films using laser reflectometry. In both studies, this process (defined here as 
Stage I) is attributed to the loss of solvent by evaporation from the blend thin films. 
 
For the remainder of this section only the evolution in structure for the blend thin film 
cast at 30°C is discussed. The sensitivity of SE to detect small variations in film 
thickness permits the observation of two additional stages in the latter parts of the 
drying process. These are presented more clearly in Figure 4.1(b).  As will be 
discussed later, these stages are believed to be the most important with regard to the 
self-organisation of P3HT molecules within the film, and directly affect the final 
degree of relative crystallinity. Compared to Stage I of the drying process, the drying 
rate in Stage II is significantly reduced, from 146 ± 2 nm/s to 34 ± 2 nm/s. In stage III 
the drying rate is reduced further still to 1.5 ± 0.2 nm/s. 
 
Having considered the thickness changes for a number of films cast from different 
solvents and at different substrate temperatures, the optical absorption characteristics 
of the films during drying are presented. These are calculated using a b-spline model 
with the sample thickness (as inferred from the Cauchy modeling) used as a boundary 
condition. This allows the optical extinction coefficient k to be determined for the 
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sample. Data is presented in Figure 4.2 and describes the evolution of k during the 
three stages of the thin film drying process.  
 
Figure 4.2: Evolution of the increase in extinction coefficient  (k) spectrum during drying for a 
1:0.8 (wt%) P3HT:PCBM blend thin film cast from CB onto a substrate held at 30˚C. Spectra 
are grouped according to different stages in the drying process, Stage I (a), Stage II (b), Stage III 
(c). In parts (a)-(c), each spectra is separated by a time interval of 1s, 0.1s and 1s respectively. 
In part (d), the evolution of k at its maximum wavelength, 550 nm and 605 nm is presented over 
the entire drying process.  
 
During Stage I of the drying process (Figure 4.2(a)), the relative magnitude of the 
modeled extinction coefficient remains small. The structure of the spectra is 
characterised by a broad peak centered at ~460 nm, which closely resembles that of 
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dilute P3HT in solution, where inter-molecular interactions are weak 3. Indeed, over 
the timescale considered in Figure 4.2(a) (~15s), the maximum absorption wavelength 
P3HT does not undergo any significant shift towards longer wavelengths. This 
suggests that during this stage free solvent evaporation does not apparently 
correspond to any significant self-organisation of the polymer.  
 
In Stage II of the drying process, a relatively large increase in the magnitude of k 
accompanies a significant red-shift and appearance of vibronic features in the 
spectrum (note the y-axis scale to parts (a) and (b) in Figure 4.2).  This results from an 
enhancement in the electronic conjugation length (planarisation) of the P3HT via 
increased intermolecular interactions 4. This increase in optical density and red-shift 
of absorption is correlated with a significant reduction in the rate of solvent loss. At 
the end of Stage II the structure of the extinction coefficient spectrum is almost 
coincident with that of a fully dried film. As shown from Figure 4.2(c), during the 
final stage of film drying process the magnitude of k continues to increase, albeit at a 
slower rate than during Stage II. The wavelength of the main optical absorption 
transition and vibrational shoulders however remain constant.  
 
To summarise the dynamic changes in extinction coefficient, k at a number of 
different wavelengths is presented as a function of film drying time in Figure 4.2(d). 
The development of the extinction coefficient at 605 nm can be used as an 
approximate measure of the degree of polymer crystallisation 5. It can be seen that 
significant changes in k605 occur only in Stage II of the drying process, with k605 
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initially undergoing a rapid increase followed by a slow convergence in Stage III to a 
value which corresponds to that measured in a dry film. 
 
From Figures 4.1 and 4.2 it is apparent that the drying process for the blend thin films 
studied is not uniform, but rather takes place over a number of distinct stages. By 
simply monitoring the process as a function of the drying time, it is difficult to 
determine the mechanisms that induce the onset of each of the three stages, given that 
the drying time can be influenced by external factors such as the substrate temperature 
(as shown in Figure 4.1(b)). To overcome this problem the data is reconsidered as a 
function of solid concentration ! in the sample. This quantity is inferred from the 
relative decrease in sample thickness during film drying, alongside the boundary 
conditions of ! = 2.5% at t = 0s (corresponding to the material concentration in 
solution) and !  = 100% at t = 25s (film is fully dry). This data is presented in Figure 
4.3. 
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Figure 4.3: Evolution of kmax, k550 and k605 during film during for a 1:0.8 (wt%) P3HT:PCBM 
blend thin film cast from CB at different substrate temperatures, plotted as a function of total 
solid concentration in the sample !. 
 
In Figure 4.1, the influence of substrate temperature on sample drying time is clearly 
demonstrated. If however changes to the optical density of the films are recorded as a 
function of total solid concentration, it is apparent that the onset for significant 
changes in k550 or k605 only occur above a solids concentration of ~50% (see Figure 
4.3). 
 
! P3HT:PCBM 
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It is permissible to describe the drying of thin films of P3HT:PCBM in terms of the 
following picture: 
 
1. For over half the total drying time, the loss of solvent from the wet film does 
not significantly induce changes in the conformation or interaction between 
polymer chains. From Figure 4.2(a), the relatively featureless extinction 
coefficient spectrum is characteristic of P3HT molecules in solution. 
2. Above a threshold concentration of material in the wet film, the rate of solvent 
loss drops by ~70%. This rapid slowdown takes place simultaneously with a 
rapid change in the extinction coefficient characteristics of the sample. A 
significant enhancement and relative red-shift in k suggests P3HT chains in 
the partially wet film undergo self-organisation into more ordered structures, 
permitting improved intermolecular interaction.  
3. The rate of self-organisation slows when the wt% of solids in the film reaches 
~80%. Beyond this wt% the rate of film thinning slows once more, with the 
structure of the film tending towards its final state. 
 
To confirm this picture, GIWAXS has been used to gain further insight into the 
crystallisation kinetics of P3HT in blend thin films. In Figure 4.4, a 2D GIWAXS 
image is presented of a P3HT:PCBM blend thin film to provide a reference for the 
following discussion. Recall from chapter 3, section 3.4.4 that information about a 
sample from a GIWAXS measurement is in reciprocal-space. Thus signals at larger 
scattering vector q correspond to smaller distances in real-space.  
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Figure 4.4: 2D GIWAXS pattern from a P3HT:PCBM (1:0.8 wt%) blend film cast from 
trichlorobenzene. A number of features are labeled on the image that are referred to in the text. 
 
As can be seen, a number of features are present that originate from the coherent 
diffraction of X-rays from the film. In the out-of-plane (i.e. with respect to the sample 
substrate) qz direction, from qx = 0 Å
-1 the intense peak at qz = 0.36 Å
-1 corresponds to 
the [100] plane of the P3HT unit cell, which is the spacing between adjacent polymers 
chains along the direction of the alkyl side groups. The presence of higher order 
reflections from this plane ([200] and [300] peaks) indicates the P3HT fraction in this 
film is relatively crystalline along this plane. As can be seen along the in-plane (qz  = 
0 Å-1) direction, the feature at qx = 1.65 Å
-1 corresponds to the [010] plane of the 
P3HT unit cell, which is the spacing between adjacent polymer chains along the 
direction of the !-! stacks. Lastly, the halo at q = 1.4Å-1 is due to scatter from the 
PCBM molecules within the film. As this feature has no preferential direction (the 
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intensity of the ring is uniform across the image), this implies the PCBM domains 
within the film do not preferentially align in any direction with respect to the sample 
substrate.  
 
Hereafter the kinetics of the film drying process are discussed, specifically the 
evolution of the diffraction signal corresponding to the [100] axis of the P3HT unit 
cell during film casting. This is due to its inherently greater intensity compared to 
other diffraction signals (see Figure 4.4). Data is presented in Figure 4.5 that shows 
the evolution of the [100] peak at qz = 0.36 Å
-1 as a function of time after film casting. 
It can be seen that this peak grows in relative intensity over a period of ~15s. The 
integrated scattering intensity, normalised to the final signal intensity is presented in 
Figure 4.5(b). Here, it can be seen that the development of the signal is qualitatively 
similar to the time evolution of k605 as presented in Figure 4.2(d).  
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Figure 4.5: (a) Out-of-plane GIWAXS signal from a 1:0.8 (wt%) P3HT:PCBM blend thin film 
cast from CB onto silicon at 30°C over a period of 15s. In part (b) the integrated signal intensity 
is plotted as a function of time, alongside an Avrami model fit to the data with n = 1.8. Here the 
data has been normalised to the final integrated signal. Part (c) shows schematically (not to 
scale) the differences in sampling area between SE (green ellipse) and GIWAXS (blue line) on a 
drying blend thin film cast onto silicon. The black arrow defines the drying direction of the thin 
film. The definition of the [100] unit cell axis is shown in part (d).  
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To estimate the growth kinetics of the P3HT crystallites, the integrated data in Figure 
4.5(d) is fitted to an Avrami model 6 which takes the form 
! 
Y =1" e
Kt
n
. Here, Y 
represents the volume fraction of the crystalline component as a function of time t 
within the sample, and K and n represent fitted constants. The data closely follows 
this equation when n = 1.8 ± 0.1. The magnitude of n suggests the crystallisation of 
P3HT is heterogeneous in nature, with nucleation sites likely to be impurities or 
aggregates of P3HT already present in the sample. Note however that both SE and 
GIWAXS probe different volumes of the drying sample (SE probes a (8 x 3 mm2) 
ellipse in the centre of the sample, whilst GIWAXS probes a ~300 !m wide beam 
across the entire width of the film (see Figure 4.5(c)). Hence the absolute start and 
end of each drying stage will not necessarily be the same.  However the period of 
rapid signal growth in GIWAXS measurements is in good agreement to the timescale 
inferred from SE.  
 
The data obtained from in-situ GIWAXS supports therefore the picture of a three-
stage drying process for the polymer component in thin films of P3HT:PCBM. 
Furthermore, during the latter parts of the drying process, a relative decrease in d-
spacing and peak FWHM suggest P3HT lamella undergo a partial self-annealing 
process, reducing distortions and kinks between chains 1. Through use of the Scherrer 
Equation (see chapter 3 section 3.4.4, equation 3.9), after casting P3HT domains 
approximately 30 nm in size were thought to exist in the blend thin film discussed 
here.  
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SECTION 4.3: INFLUENCE OF THE CASTING SOLVENT 
ON OPV DEVICE EFFICIENCY 
 
In section 4.2 the in-situ characterisation of blend thin films recorded during the 
casting process was discussed in order to give a partial insight into how nanoscale 
structure is initially formed. Here, it is shown how the power conversion efficiency 
(PCE) of as-cast thin films fabricated into OPVs is influenced by the casting solvent, 
and how this affects the extent to which the efficiency can be improved using 
common post-deposition annealing techniques. A side-by-side comparison of casting 
solvents with annealing treatments demonstrates the sensitivity of the blend system to 
processing conditions.  
 
A series of OPV devices (P3HT:PCBM 1.0.7 wt%) were fabricated from films 
subjected to a range of different post-deposition treatments. Specifically, untreated 
films were cast from different solvents, which are termed as ‘as cast’ samples. A 
selection of these films were solvent annealed after casting, through exposure of the 
film to a solvent rich vapour (identical to the casting solvent used) for 30 minutes. 
Finally, a series of devices were subjected to a solvent and thermal annealing step. 
Here, thermal annealing was conducted at 140˚C for 30 minutes. Figure 4.6 shows the 
JV characteristics for each of the devices fabricated, alongside their EQE spectra. The 
performance metrics of the devices are summarised in Table 4.1.  
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Figure 4.6: JV curves (left) and EQE spectra (right) for all devices investigated in this work. 
Specifically, data is shown for thin films that have been either as-cast (unannealed) (parts 
(a),(b)), solvent vapour annealed ((c),(d)), or solvent vapour and thermally annealed ((e), (f)). 
These films have been cast from CB (black), DCB (violet) and TCB (orange) solvents.  
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Table 4.1: Average device metrics for samples in this work.  For each treatment set, the best 
device PCEs are underlined. The uncertainty in each PCE measurement is calculated from the 
standard deviation in PCE of 12 pixels.  
 
It can be seen that devices that are cast from TCB and do not undergo further 
treatment (i.e. as-cast) are more efficient than those similarly prepared from the other 
solvents (0.63% and ~0.45% PCE respectively). The higher PCE results from a larger 
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short-circuit current density (Jsc) although the fill-factor (FF) and open-circuit voltage 
(VOC) is lower than that observed in DCB and CB cast devices. The variation in Jsc 
values between samples is consistent with measurements of the External Quantum 
Efficiency (EQE) of each device. As shown in Figure 4.6(b), the peak EQE for the 
TCB device left as-cast is 32% at 525 nm. For the CB and DCB cast devices the peak 
EQEs are lower (24% and 20% respectively) and shifted to shorter wavelengths.  
 
The drying times for the spin-coated CB, DCB and TCB films in this study were 
approximately 15s, 45s and 300s respectively. The significantly longer drying time of 
the TCB cast-films results from its higher boiling point and lower vapour pressure at 
the film casting temperature compared to the other solvents. Several studies have 
correlated a greater degree of relative crystallinity in P3HT with an extended drying 
time of the film 1, 7. For the spin-cast samples investigated here, this is supported by 
UV-Vis measurements presented in Figure 4.7. It can be seen that films spin-cast 
from a TCB solution initially have an Optical Density (O.D.) spectrum with more 
prominent structural features at relatively long wavelengths. In contrast the O.D. 
spectra of films cast from CB or DCB are relatively blue-shifted, suggesting less 
ordered P3HT.  
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Figure 4.7:  (a) O.D. spectra of as-cast thin films of P3HT:PCBM cast from CB (black) DCB 
(violet) and TCB (orange) solvents.  In part (b) O.D. spectra are plotted for blend thin films after 
exposure to a solvent rich atmosphere for 30 minutes. Part (c) shows the change in O.D. at 605 
nm as a function of exposure time (minutes). Part (d) shows O.D. spectra for blend thin films to 
have undergone solvent-vapour exposure for 30 minutes followed by thermal annealing for 30 
minutes at 140°C and rapidly cooled down. 
 
To further support the suggestion that as-cast blend thin films from TCB solvent 
contain a relatively greater population of semi-crystalline P3HT domains, I consider 
the photoluminescence intensity from each sample. The photoluminescence (PL) 
emission intensity of a series of thin films cast from different solvents, or exposed to 
different post-deposition treatments are presented in Figure 4.8. Variations in PL 
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efficiency can be linked qualitatively to the degree of phase separation in a blend film, 
since a stronger signal suggests a lower interfacial area of donor:acceptor interfaces 
within a film 8. For the as-cast films (Figure 4.8(a)) the most intense luminescence is 
emitted by the films cast from TCB. The relatively red-shifted absorption and larger 
PL yield for the TCB cast films therefore support the existence of semi-crystalline 
phase separated P3HT domains. In contrast, the faster drying time for films cast from 
CB and DCB do not apparently allow the P3HT to undergo the same degree of phase 
separation and crystallisation, providing a partial explanation for the relatively lower 
efficiencies measured for this set of devices.   
Figure 4.8: PL spectra recorded from films cast from CB (black), DCB (violet) and TCB 
(orange) during excitation at 500nm. For each group, spectra have been normalised to the 
absorption at the excitation wavelength and corrected for thin film absorption effects. Here, data 
is plotted from films that have been (a) as-cast, (b) solvent vapour annealed and (c) solvent 
vapour and thermally annealed. 
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It appears therefore that the extended drying time of TCB cast films permits the 
formation of a film morphology in which there is a significant degree of self-order of 
the polymer (and consequently suggests favourable OPV characteristics); however the 
photovoltaic efficiency of the resultant devices is below 1%. This suggests that the 
PCBM molecules within the thin films have not had the opportunity to form a 
partially phase separated network from P3HT to allow for the transport and extraction 
of electrons within the blend film and to balance with the transport of holes within the 
P3HT phase.   
 
From the data presented in Table 4.1, it can be seen that exposing films to a solvent 
rich atmosphere results in an improvement in device efficiency.  Devices that have 
been cast and then annealed in a DCB solvent atmosphere have an average PCE of 
1.6%, compared to that of CB and TCB cast and solvent vapour annealed devices that 
have an efficiency of 1.4% and 1.2% respectively. From UV-Vis measurements 
however, near identical absorption and PL spectra for all films are obtained (see 
Figures 4.7(b) and 4.8(b)), suggesting that a solvent anneal using a volatile solvent 
(e.g. CB) can drive P3HT molecules into structures similar to those created using a 
slow drying process (e.g. by preparing a film from a TCB solvent). This trend is 
supported by the data shown in Figure 4.7(c), which shows the evolution of the 
optical density at 605 nm as a function of solvent exposure time. It can be seen that in 
all cases, the OD of solvent vapour annealed films at this wavelength converge to 
almost identical values. From the results presented in section 4.2, these films may 
therefore contain P3HT domains within the blend thin films that exhibit a comparable 
level of self-organisation. 
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Interestingly, the similarities in O.D. and PL evidenced in Figures 4.7(b) and 4.8(b) 
respectively are not reflected in device performance. The relative improvement in 
PCE gained by solvent vapour annealing a film cast from a non-volatile solvent is 
significantly lower than that observed in films cast and annealed using a more volatile 
solvent. It is possible that during casting of a film from, e.g. TCB, the extended 
drying process promotes a network of relatively self-organised P3HT domains that are 
relatively stable with respect to further solvent exposure. In contrast, the solvent 
annealing step when applied to quickly-dried films (which are relatively amorphous in 
nature) results in a greater improvement in efficiency as the polymer has yet to 
undergo significant crystallisation. This may also permit the diffusion of PCBM 
molecules into a network of nanodomains during the solvent annealing step to 
improve the transport of electrons. Indeed, we find that the measured fill-factors of 
solvent annealed devices cast from CB and DCB are larger than those cast from TCB 
(40%, 43% and 33% respectively), suggesting the charge transport characteristics are 
relatively more balanced in a rapidly cast film which is subsequently annealed 7a, 9 and 
further supports the idea that films cast from TCB are initially structured in a manner 
which limits further improvement.  
 
It has been shown therefore how the processing history of a thin film influences the 
extent to which solvent annealing can improve device efficiency, with devices 
fabricated from quickly dried films apparently undergoing the largest improvement 
from a post-deposition treatment. The results support the findings of a previous study 
in which a single solvent vapour was used to anneal a film 10. However here this 
analysis has been extended to a number of different casting solvents. When solvent 
vapour annealing is conducted using the same solvent as used to cast the film, its 
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benefits are lower than using a different solvent. For example, efficiencies of 3.3% 
have been reported for CB-cast thin films exposed to an acetone vapour rich 
atmosphere 10-11.  
 
Attention now turns to the use of thermal annealing to improve the efficiency of 
P3HT:PCBM films when made into an OPV. Here, a 30 minute anneal at 140˚C is 
used followed by a rapid return to room temperature.  As discussed in chapters 5 and 
6, thermal annealing offers an alternative mechanism for P3HT to undergo partial 
self-organisation. From Table 4.1, devices cast from a CB solvent benefit the most 
from this process, with efficiencies of 3.8 ± 0.05 % obtained. Devices prepared from 
DCB or TCB and subject to thermal annealing step have a lower PCE (3.13 ± 0.04 % 
and 2.2 ± 0.1 % respectively) than devices prepared using CB cast active layers.  
 
In Figure 4.7(d) the O.D. spectra of blend thin films after being subject to both 
solvent vapour and thermal annealing steps are presented. It can be seen that there is 
very little difference in any of the spectra, suggesting the differences in device 
efficiencies measured are not related to the amount of light absorbed by the 
P3HT:PCBM layer. Rather, such differences must reflect variations in the charge 
separation, transport and collection efficiencies within the layer. PL measurements for 
thermally annealed films (see Figure 4.8(c)) show that TCB-cast films have the 
highest fluorescence intensity. This observation suggests a greater fraction of photo-
generated excitons recombine radiatively before undergoing separation into free 
charge carriers. This observation is not necessarily inconsistent with the positive 
correlation between increased PL and device efficiency discussed earlier, since a 
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partially phase separated network of P3HT is required to facilitate efficient hole 
transport. Here the relatively low PCE of TCB cast OPVs which have been annealed 
suggests that an overly coarse degree of phase separation between polymer and 
fullerene has developed after the thermal annealing step.  
 
To explore this possibility further, optical microscopy images of samples that have 
undergone solvent-vapour and thermal annealing are shown in Figure 4.9. In the same 
figure AFM topography scans of the same sample surface are shown, taken over an 
area of 10 x10 !m2. From Figure 4.9(a) it can be seen that blend thin films cast from 
TCB are characterised by a large surface density of PCBM aggregates 12. At much 
shorter length scales (Figure 4.9(b)) the surface of the sample is relatively rough and 
features a number of structures that are 1-2 !m in diameter. Note the peak-to-peak 
height variation in the AFM scan of the TCB cast film (30 nm) and RMS roughness 
(4 nm) is relatively large with respect to the thickness of the active layer (70 ± 4 nm). 
In contrast, for samples cast from either DCB or CB solvent and subsequently 
annealed do not appear to contain a significant number of PCBM aggregates. 
Furthermore, the AFM data shows that the surface of these samples is much smoother 
(RMS roughness of 1.9 and 2 nm respectively). Given the ideal length scale for phase 
separation should be comparable to the diffusion length of photo-generated excitons 
(~ 5-10 nm 13), the presence of relatively large (micron-scale) PCBM structures is a 
clear indication of a poor device morphology. These observations are consistent with 
the PL spectra shown in Figure 4.8(c) and help to rationalise the relatively high 
photoluminescence intensity emitted from TCB cast thin films that have undergone 
both solvent vapour and thermal annealing treatments. In addition to a depletion of 
PCBM from the bulk of the thin film, the presence of micron-scale aggregates 
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increases the likelihood of creating electrical shorts across the device 14. A smaller 
PCBM aggregate density in DCB and CB is also consistent with the higher power 
conversion efficiencies observed in devices in which the active P3HT:PCBM layer 
has been both solvent annealed and thermally annealed.  
 
Figure 4.9: Optical microscopy images (500 x 500 !m2 field of view) and AFM topography 
scans (10 x 10 !m2) of P3HT:PCBM blend thin films after solvent-vapour and thermal 
annealing treatments. Images correspond to films cast from TCB (parts (a) and (b)), DCB ((c) 
and (d)) and CB ((e) and (f)). Note that the colour (height) scales to parts (b), (d) and (f) 
correspond to height differences about a mean height (set individually for each scan) of 0 nm. 
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SECTION 4.4: CONCLUSIONS 
 
In section 4.2 of this chapter, it was shown how the polymer component of 
P3HT:PCBM blend thin films undergoes phase separation and self-organisation 
during the film casting process. The data shows how the drying process takes place in 
three distinct stages, with polymer organisation only occurring above a solid 
concentration threshold of approximately 50 wt% in the film, which is accompanied 
by a significant drop in the evaporation rate of casting solvent. The crystallisation of 
P3HT occurs over a relatively short period of the total film drying time, with the 
growth kinetics of x-ray scatter from the [100] plane of the P3HT unit-cell in good 
agreement with changes in the optical extinction coefficient of the material, 
particularly at wavelengths corresponding to the !-!* electronic transition. The 
experiment offers insight into how the relative self-organisation of organic 
semiconductor thin films could be actively controlled during film casting, or 
monitored (via SE) as a process-control technique. Although the evolution of PCBM 
domain formation has not been discussed here, the work of Schmidt-Hansberg et al. 15 
has shown it is delayed with respect to P3HT crystallite formation i.e. occurring 
during the latter stages of the drying process.  
  
The effect of casting solvent (CB, DCB & TCB) and common annealing treatments 
on the efficiency of a solar cell fabricated from a blend of P3HT and PCBM has also 
been explored. It has been shown how the casting solvent has a significant effect on 
the final efficiency of the device, affecting the extent to which solvent vapour and 
thermal annealing processes are beneficial. It is noted that previous studies using 
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DCB as a casting solvent in which a thermal anneal at a lower temperature (110°C) 
has resulted in efficiencies of 4% 7a. Separate studies have shown that when the active 
layer is cast from a TCB solvent, efficiencies of 2.5% have been reported when using 
a thermal annealing treatment that is similar to that used for optimised DCB cast 
devices 16. However without thermal annealing, efficiencies of 3.3 and 3.8% have 
been achieved using spin-cast TCB 16, suggesting that under certain drying conditions 
the solvent can give relatively efficient devices without the need for post-treatment. 
The results in section 4.3 of this chapter demonstrate the complexity of the 
optimisation process for P3HT:PCBM OPVs and show that the choice of casting 
solvent is likely to require separate optimisation protocols in order to maximise the 
PCE of fabricated devices.  
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CHAPTER 5: EVOLUTION OF 
STRUCTURE AND 
OPTOELECTRONIC PROPERTIES OF 
P3HT:PCBM BLEND THIN FILMS 
DURING THERMAL ANNEALING 
 
SECTION 5.1: INTRODUCTION 
 
In this chapter the role of thermal annealing in modifying the structure and 
optoelectronic properties of P3HT:PCBM blend thin films is discussed, via in-situ 
monitoring of the process using Spectroscopic Ellipsometry (SE) 
1
. The discussion is 
split into three parts. In section 5.2 the mechanisms through which the sample 
thickness changes during the thermal annealing process are explored. In section 5.3 
the role of thermal annealing on altering the optical extinction coefficient spectrum of 
the sample is discussed. The data presented here builds upon the results from chapter 
4, and in particular explores the link between the relative crystallinity of P3HT and 
the structure of its optical absorption spectrum. UV-Visible spectroscopy and optical 
microscopy techniques are used support the SE measurements, and allows the 
identification of four distinct processes during thermal annealing: (1) the removal of 
residual casting solvent above the glass transition temperature of P3HT in the blend, 
(2) the volume relaxation in non-equilibrium structures formed during spin-casting, 
(3) indirect evidence for the crystallisation and (4) phase separation of both P3HT and 
PCBM.  
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In section 5.4 of this chapter, these results are related to the power conversion 
efficiency of OPVs subject to identical annealing protocols.  For blend thin films and 
OPVs annealed at 150°C, it is shown how the cooling rate - often overlooked in the 
literature - has a small but not insignificant effect on the final structure of the blend 
film, and therefore affects the power conversion efficiency of OPV devices.   
 
SECTION 5.2: MONITORING THICKNESS CHANGES 
DURING A THERMAL ANNEALING CYCLE USING 
SPECTROSCOPIC ELLIPSOMETRY 
 
P3HT (cast from a 25 mg/ml in chlorobenzene solution) or P3HT:PCBM thin films 
(1:0.67 wt%, cast from a 25 mg/ml total solids concentration in chlorobenzene 
solution) were annealed at temperatures ranging from below the glass transition 
temperature (Tg) through to the melt temperature (Tm) of the blend. These transitions 
are related to the P3HT phase of the blends and not to PCBM. However, it is 
important to recognise the influence of PCBM on the thermal transitions of P3HT.  A 
number of studies have shown that the addition of PCBM can raise the Tg of P3HT 
2
, 
indeed this is explored in more detail in chapter 6 in this thesis. Here, the Tg for the 
P3HT used in these experiments is measured for a pure thin film and a blend. The 
data is presented in Figure 5.1. As can be seen, a change in the thermal expansion rate 
occurs for both samples at a temperature of 20 ± 2 °C (for pure P3HT) and 60 ± 2 °C 
(for the blend). These transitions correspond to the glass transition of the polymer. As 
will be shown in chapter 6, the Tg of the blend can vary for a constant film 
composition, providing an indirect measure of different thin film morphologies. The 
Tg values determined from Figure 5.1 are inferred from the first heating cycle and are 
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therefore representative of ‘as-cast’ film morphologies only.  The observed increase 
in the apparent Tg between pure and blend thin films is an agreement with results 
reported elsewhere 
2b
. For the blend sample it is apparent that the nature of the 
transition is qualitatively different compared to the pure polymer. Indeed, a ‘shoulder’ 
- corresponding to a reduction in the film expansion rate - is apparent above the 
apparent Tg of the blend.  In contrast, for pure P3HT the Tg marks two regions of 
linear thermal expansion. 
 
Figure 5.1: Glass Transition (Tg) temperatures for a P3HT:PCBM blend film (1:0.67 wt%) (a) 
and a pure P3HT film (b) as determined from the first heating cycle by spectroscopic 
ellipsometry. The melt temperature (Tm) of the P3HT used in this study is presented in (c). All 
transitions have been determined by spectroscopic ellipsometry. The initial thicknesses of the 
samples were 120 ± 4 nm and 70 ± 4 nm for the pure and blend films respectively.  
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In Figure 5.1(a), I plot the measured thickness changes for a freshly prepared blend 
thin film, the thickness changes of identical samples stored either in ambient 
conditions for 7 days, or held under vacuum (10
-7 
mbar) for 18 hrs. For all blend 
samples it is apparent that the films undergo a reduction in the rate of expansion when 
heated to between 60 and 70°C, which marks the apparent Tg for the blend 
3
. The 
reduction in the thermal expansion rate around Tg for the blend samples most 
probably results from solvent loss from the film. This process occurs once the film is 
heated past the glass transition of the polymer. Note that this process occurs at a 
temperature below the boiling point of the casting solvent used (132°C). It is likely 
that a few percent of solvent remains in the glassy blend films after spin-casting. 
When these films are heated above their glass transition temperature, trapped solvent 
may evaporate over the time scale of the experiment. As shown in chapter 4, section 
4.1, solvent loss leads to a relative decrease in sample thickness. Consequently this 
process competes with thermal expansion caused by heating to decrease the thermal 
expansion rate 
3
. At such a time where the mechanisms triggered by solvent loss 
become relatively weak, thermal expansion again becomes the dominant mechanism 
and the sample expands once more.  
 
It can be seen that the temperature at which the shoulder appears in the as-cast blend 
thin film and the thin film left for 7 days in atmosphere is identical. This indicates that 
the Tg for P3HT:PCBM blend films subjected to such different (ambient) ageing 
treatments is the same. This implies that the removal of trapped solvent is a relatively 
inefficient process from the film when left under ambient conditions, as solvent loss is 
opposed by the very slow volume relaxation of the glassy film. For the sample held 
under high vacuum, the temperature onset of the shoulder in the thermal expansion 
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rate shifts to 70°C. This increase in temperature occurs because trapped solvent in the 
film acts as plasticizer and will therefore decrease its Tg 
4
. Thus when some (but not 
all) solvent is lost during the vacuum treatment, the Tg shifts to a higher temperature, 
consequently delaying the onset of the shoulder. Previous work has shown that such a 
vacuum treatment can remove some of the trapped solvent from a polymer thin film 
3
, 
a result confirmed qualitatively here. It appears therefore that freshly cast 
P3HT:PCBM blends trap some fraction of the casting solvent which can be 
subsequently removed by thermal annealing or exposure to high vacuum. 
 
To explore the entire thermal annealing process, P3HT:PCBM blend films were 
heated at a rate of 90°C/min to either 50°C (below Tg of the blend), 150°C 
(between Tg and Tm of the blend) and 200°C (at the Tm of the blend). Following 
isothermal annealing at these temperatures for periods of up to one hour, thin films 
were cooled either linearly or exponentially, the latter achieved by switching off the 
temperature controller. In Figure 5.2, a number of plots of film thickness change 
(normalised to thickness at time t = 0) as a function of time are presented for samples 
subject to different annealing protocols. In all cases the entire timescale covers the 
initial heating, isothermal annealing and cooling processes. In Figure 5.2(a) it is 
apparent that film expansivity increases as the isothermal annealing temperature is 
raised. The maximum expansivity for blend thin films heated to 50°C, 150°C or 
200°C is 2, 7 and 13% respectively.  
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Figure 5.2: a) The relative changes in P3HT:PCBM film thickness during heating, isothermal 
annealing, and cooling processes. b) Thickness changes on heating, annealing and cooling of a 
pure P3HT films. c) Thickness change of a pure P3HT film during heating on a linear time 
scale. d) The changes in P3HT:PCBM film thickness under the same heating and isothermal 
treatments but with different linear cooling rates. The isothermal annealing period is 60 minutes 
in part a) and b) and 10 minutes in part c). 
 
Before proceeding to discuss the properties of the blend during isothermal annealing, 
it is instructive to first compare the heating of blend thin films (Figure 5.2(a) and 
films of pure P3HT (Figure 5.2(b)). As can be seen, upon heating to 150°C, all P3HT 
films undergo a linear expansion of ~10% without any evidence of the shoulder seen 
in the blend films. This can be seen more clearly in Figure 5.2(c). As shown in part 
!
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(a), the thickness evolution during heating of pure P3HT films either held in vacuum 
for 18 hrs or heated for a second time, are identical to that recorded from a freshly 
cast film. If any solvent were trapped in a freshly cast film, one would expect it to be 
removed by the annealing protocol used, or by a lesser extent from exposure to 
vacuum. As no difference is observed between the linear thickness expansion in the 
three samples measured, it strongly suggests that there is very little solvent trapped in 
an as-cast P3HT thin film. Since the film casting process occurs at a temperature 
above the apparent Tg of the polymer, the results indicate that as-cast P3HT thin films 
are rubbery in nature at ambient conditions, thus having relatively high chain 
mobility. Consequently this reduces the ability of a pure P3HT film to trap solvent.  
 
The discussion now turns to the properties of the blend and pure polymer thin films 
during isothermal annealing. As mentioned in chapter 2, section  2.6, it is known that 
during a spin-casting (or quenching) process, a large free volume can be “frozen in” 
to a vitrified amorphous polymer thin film as a result of insufficient time being 
available for molecular relaxation 
5
. Upon heating, such thin films can undergo a 
molecular scale relaxation process involving a structural rearrangement that permits 
the film to reduce in volume until it reaches an equilibrium state. This does not 
necessarily imply self-organisation; structural relaxation can also occur in the 
amorphous phase of a semi-crystalline polymer. As is shown in Figure 5.2(a), it can 
be seen that volume relaxation (i.e. a relative reduction in film thickness towards a 
plateau) occurs during the early stage of the isothermal annealing process of the 
P3HT:PCBM thin film for all temperatures. This process occurs more slowly at lower 
temperatures. It is likely that the volume relaxation of P3HT:PCBM thin film at 50°C 
occurs due to the rearrangement of the amorphous regions within the film, given the 
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driving force for P3HT crystal formation is weak. As the isothermal annealing 
temperature is raised however, volume relaxation will result from a combination of 
structural rearrangement and crystallisation of amorphous P3HT. It can be seen that 
volume relaxation also occurs in an as-cast semi-crystalline P3HT film (Figure 5.2(b)) 
during its first annealing treatment. During the second heating cycle however to an 
identical temperature, no volume relaxation is observed – the thickness of the sample 
remains constant over the course of the isothermal annealing process. It is likely that 
the first heating cycle promotes further self-organisation within the thin film, thus any 
remaining amorphous regions within such a relatively high crystallinity polymer film 
can be regarded as being constrained 
5a
. Consequently, any remaining amorphous 
regions cannot undergo volume relaxation with the same degree of freedom compared 
to amorphous regions that exist in low crystallinity P3HT films. 
 
From Figure 5.2(a), it is apparent that during the isothermal annealing process of 
P3HT:PCBM blend films at 150 and 200°C, there is a significant reduction in film 
thickness that occurs at time t > 1000 s. From Figure 5.2(b) no significant decrease in 
film thickness for pure P3HT is observed during isothermal annealing.  
 
The mechanism that results in the reduction in sample thickness is now considered. In 
a blend system, it is not possible to precisely decouple the processes of volume 
relaxation and phase separation, or accurately determine their onset or end. However, 
several studies have shown that PCBM molecules diffuse during annealing at a 
temperature above the Tg of the film to eventually form aggregates or needle-like 
crystals 
6
. Indeed, recent work using high resolution transmission electron microscopy 
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(HRTEM) 
7
 has been used to track the aggregation and crystallisation of PCBM 
during thermal annealing, concluding that aggregation results from the agglomeration 
of pre-existing PCBM nanodomains in the as-cast films, rather than phase-separation 
of PCBM from mixed amorphous P3HT:PCBM phases. Figure 5.3 shows a series of 
optical microscopy images of P3HT:PCBM films recorded before and after thermal 
annealing. Micron-scale PCBM crystals with an average length around 10 µm, or 
needle-like crystals around 200 to 400 µm in length appear in the blend films after 
annealing at 150°C and 200°C for 1 hr, respectively. As the total amount of PCBM 
within each sample can be considered constant under the conditions reported here, the 
formation of any micron-scale PCBM crystals occurs at the expense of a depletion of 
the remaining material in the bulk. Consequently, the average film thickness 
decreases whilst film roughness increases.  
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Figure 5.3: Optical microscopy images of P3HT:PCBM blend films (a) as-cast and after 
annealing for 60 minutes at (b) 50°C, (c) 150°C and (d) 200°C. The scale bar in each image 
corresponds 20 µm. 
 
To support the idea that coarse phase separation reduces average film thickness, AFM 
has been used to characterise the depletion region around a PCBM crystallite. The 
results are presented in Figure 5.4. As shown, a region of relatively lower height (~15 
nm) surrounds the crystallite, extending approximately 15 !m either side of the 
feature. Note that the thickness of the film before annealing was 70 ± 4 nm, indicating 
that mass transfer of PCBM has reduced the thickness of the thin film in the vicinity 
of a crystallite by ~20%.  
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Figure 5.4: (a) AFM height scan of a PCBM crystallite. The sample is a blend thin film of 
P3HT:PCBM that has undergone isothermal annealing at 200°C for 1hr.  In (b) a line profile of 
the AFM data taken across the crystallite. The depth of the depletion region is shown more 
clearly in the inset.  
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From Figure 5.3(b) no evidence for coarse (!m scale) phase separation in the blend 
thin film that has undergone annealing at 50°C is found. At this temperature – which 
is below the Tg of the blend – P3HT molecular chains are likely to remain relatively 
rigid and, as a consequence, the PCBM molecules will have difficulty in diffusing 
through the polymer matrix to form crystals. This observation further supports the 
argument that the thickness change of the P3HT:PCBM blend film upon isothermal 
annealing at 50°C, which is comparable in relative magnitude to that observed in pure 
P3HT films as shown in Figure 5.2(b), is due to volume relaxation of non-equilibrium 
amorphous P3HT conformations. 
 
Following the isothermal annealing step, as expected both P3HT and P3HT:PCBM 
films shrink as they cool. From Figure 5.2(d) a linear cooling process reduces the 
thickness linearly whilst an exponential cooling rate reduces the film thickness 
exponentially. It can be seen that once the films are returned to room temperature, a 
significant reduction in sample thickness has occurred. Here, a combination of solvent 
loss, volume relaxation, crystallisation, and phase separation together adequately 
account for this phenomenon in P3HT:PCBM blends. Recent studies on P3HT:PCBM 
thin films using grazing incidence X-ray scattering reported a reduction in average 
interchain spacing when the films were returned from annealing temperature to room 
temperature 
8
, a result in qualitative agreement with the observations presented here. 
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SECTION 5.3: OPTICAL CHARACTERISTICS OF FILMS 
DURING THERMAL ANNEALING 
 
In this section the optical properties of the thin films, monitored during thermal 
annealing, are discussed. In Figure 5.5, the modeled extinction coefficient (k) spectra 
are presented for a thin film of pure P3HT recorded during heating, isothermal 
annealing at 150°C and subsequent cooling. It can be seen that before annealing (i.e. 
at room temperature) the k-spectrum exhibits a peak at 510 nm and two shoulders at 
550 and 600 nm, thus indicating the presence of relatively self-organised P3HT 
domains. Upon heating to 150°C (Figure 5.5(a)), the peak absorption blue-shifts to 
495 nm and undergoes a relative reduction in intensity. As the total number of 
polymer molecules in a thin film can be regarded as constant, the thermal expansion 
increases the volume space between polymer chains. The reduction in the peak value 
of k therefore most likely indicates increased free volume and decreased 
intermolecular order between polymer chains. The associated blue-shift also suggests 
a reduction in the overall degree of electronic conjugation. 
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Figure 5.5: The extinction coefficient spectra of a P3HT thin film during a) heating to 150°C, 
b) isothermal annealing at 150°C, and c) exponential cooling to 25°C. Time intervals between 
spectra in parts b) and c) are 720 and 120 seconds, respectively. d) The kinetics of kmax, k550 
nm and k600 nm of P3HT as a function of time during the thermal annealing cycle. 
 
From Figure 5.5(b), it can be seen that during isothermal annealing the wavelength 
location of the peak absorption (k) and shoulders at 550 nm and 600 nm undergo very 
little change. It is apparent however that there is a small increase in the magnitude 
of k, which may well result from volume relaxation of the film during the isothermal 
annealing process, as shown Figure 5.2(b). Note the relative increase in k over the 
course of the isothermal step (see Figure 5.5(d)) is ~8.7%, a value in reasonable 
agreement with the relative reduction in sample thickness (~7.6%). During the 
cooling process (Figure 5.5(c)), the main absorption peak red-shifts from 495 nm to 
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510 nm. This shift occurs simultaneously with a relative strengthening in the 
magnitude of k at 600 nm. In chapter 4, section 4.1 a strong correlation between the 
strength of k605 and the relative crystallinity of P3HT was shown. The overall red-shift 
and enhanced absorption at 600 nm on cooling measured in this study therefore 
suggests that the planarisation of P3HT and electronic conjugation increase 
significantly during this process.  
 
The evolution of k in a blend thin film of P3HT:PCBM during a thermal anneal (to 
150˚C) is presented in Figure 5.6. During heating (Figure 5.6(a) it is apparent that the 
changes in k are qualitatively more complex than the evolution in k for pure P3HT 
(Figure 5.5(a)). As can be seen, upon heating to below Tg the k spectrum blue-shifts 
and decreases in intensity. It then red-shifts and increases in intensity when the 
temperature is above Tg of the blend (between 60 and 70°C). Finally, at temperatures 
much greater than Tg, the k spectrum blue shifts and decreases in intensity once more. 
This can be seen more clearly in Figure 5.6(c) where the magnitude and wavelength 
of kmax is presented for the pure and blend thin films as a function of temperature 
during the initial heating cycle.  To compare the evolution of k over the thermal 
annealing process at different temperatures, the modeled k values from blend thin 
films to have undergone isothermal annealing at 50˚C or 200˚C are presented in 
Figure 5.7. Here a plot of k after annealing at 150˚C for 10 minutes, for both P3HT 
and P3HT:PCBM blend films is also included to highlight the effect of PCBM content 
in the film.  
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Figure 5.6: The absorption spectra of a P3HT:PCBM film a) during heating around Tg of the 
blend and b) when the temperature is heated far above Tg of the blend. c) The evolution 
of kmax and the wavelength of kmax of pure P3HT and P3HT:PCBM films during the initial 
heating process as a function of temperature. d) A plot of k during the isothermal annealing at 
150°C, and e) during exponential cooling to 25°C. The time interval between spectra in parts d) 
and e) is 720 and 120 seconds, respectively. f) The evolution of kmax, k550 and k600 of a 
P3HT:PCBM blend film during heating, isothermal annealing and cooling. 
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Figure 5.7: The evolution of kmax, k550 and k600 of a P3HT:PCBM blend film during heating, 
isothermal annealing and cooling. Thin films were annealed for 1 hr at 50°C (a) or 200°C (b) 
respectively. In part (c) the final k spectra for P3HT and P3HT:PCBM blend films after 
annealing at 150°C for 10 minutes.  
 
As discussed in section 5.2 of this chapter, P3HT:PCBM thin films trap a small 
fraction of the casting solvent, that is subsequently lost once the films are heated 
above Tg. This suggests that the red-shift and increase in absorption intensity observed 
when a P3HT:PCBM blend film is heated just above its Tg results from solvent loss. 
This will cause a spectral red-shift and an increase in the intensity of the kmax as a 
result of improved molecular organisation. In contrast, when a blend film is heated 
and held to a temperature below its Tg (at 50°C) for 1 hr, the absorption spectra show 
!
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!&#$
!!
"#$!
monotonic changes only with the intensity of absorption reducing and the spectra 
undergoing a blue shift (Figure 5.7(a)). During isothermal annealing at 150°C, 
the absorption spectrum of the blend increases in intensity without undergoing any 
obvious wavelength shift. Spectra also undergo a relatively greater increase in 
intensity and red-shift during film cooling as shown in Figure 5.6(e). Figure 5.6(f) 
summarises the evolution of kmax, k550 nm, and k600 nm as a function of time during the 
entire annealing process.  
 
The discussion now considers the optical properties of the blend thin films after the 
annealing process. In Figure 5.8, absorption spectra of P3HT:PCBM blend thin films 
are presented after annealing to different temperatures. Relative to the absorption 
spectrum of an unannealed (as-cast) blend thin film, it can be seen kmax red-shifts from 
505 to 512 nm as a result of annealing, and the shoulders at k550 and k600 increase in 
intensity; a result indicative of increased P3HT crystallinity.  
 
In Figure 5.8(b) the photoluminescence (PL) emission recorded a P3HT:PCBM blend 
film following annealing is presented. It is apparent that the PL intensity of P3HT is 
reduced significantly when blended with PCBM. However, upon annealing a partial 
recovery in PL emission intensity of the P3HT:PCBM blend is detected. The 
significant (~90%) reduction in emission intensity of the as-cast P3HT:PCBM blend 
thin film compared to the pure P3HT thin film implies efficient quenching of P3HT 
photoluminescence by the PCBM. Annealing above Tg promotes phase separation 
between P3HT and PCBM, with higher temperatures correlated with a relative 
increase in P3HT emission intensity. This observation suggests that after annealing, 
!!
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fewer excitons generated within P3HT domains diffuse to an interface with PCBM to 
undergo dissociation into free charges 
9
.  
 
Figure 5.8(c) shows the absorption of blend films that have either been slowly cooled 
to room temperature (at 90 or 30°C min
-1
), or quenched to room temperature over a 
period of a few seconds. For comparison, the absorption spectrum of an as-cast film is 
also included. It can be seen that the cooling rate has a pronounced effect on the 
absorption spectrum. Films cooled slowly (> 30°C min
!1
) are apparently highly 
crystallised, however the film quenched to room temperature has a lower and 
relatively blue-shifted value of kmax, indicative of a lower degree of crystallinity. In 
Figure 5.8(d) the relative photoluminescence intensity of films either cooled slowly to 
room temperature or rapidly quenched is presented. There is little difference between 
the emission intensity, suggesting a similar distribution of domain sizes within these 
films. 
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Figure 5.8: In parts (a) & (c) are extinction coefficient spectra for blend thin films after a 
number of thermal annealing protocols explored in this chapter. In parts (b) and (d) the relative 
photoluminescence (PL) intensity from blend thin films after thermal annealing is presented. 
Spectra have been corrected for thin film absorption effects. In part (b) the PL spectrum of pure 
P3HT is included to highlight the quenching efficiency of PL from the blend samples.  
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degradation in performance, with devices having an average 
PCE of 1.83%. For thin fi lms that have undergone annealing at 
this temperature, the optical density (as evidenced by enhanced 
 k spectrum) is the most favorable of all the annealed samples. 
However, PL emission intensity, AFM (Figure S5) and optical 
microscopy (Figure S3) all indicate that in these fi lms, the 
P3HT and PCBM have undergone excessive phase separation. 
This over-coarsening of domains clearly hinders the effi cient 
exciton dissociation. As this process is one of the most impor-
tant steps in photocurrent generation, its impact on the PCE is 
highly detrimental. 
 Our results suggest that annealing at 150  ° C for times 
between 10 and 60 mins represents an optimal treatment 
temperature, it appears that the volume relaxation of the P3HT 
domains towards an equilibriu  co fi guration contributes to 
the improved PCE. The PCE further improves to 4.00% when 
the device is annealed at 150  ° C for 1 h. The open-circuit voltage 
( V oc ), short-circuit current density ( J sc ) and fi ll-factor (FF) of the 
device annealed at 150  ° C for 1 h are 0.66 V, 9.92 mA c   − 2 , and 
61.4%, respectively. Annealing at 200  ° C results in a signifi cant 
 Figure  4 .  a) and c) The extinction coeffi cient of P3HT:PCBM fi lms after different thermal annealing treatments. b) and d) The PL emission spectra 
from the same fi lms. 
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 Table  1.  Device performance metrics of P3HT:PCBM (60:40) devices 
following a range of thermal annealing treatments. 
Annealing 
tempera-
ture ( ° C)
Annealing 
time (min)
Cooling rate 
( ° C min−1)
V oc 
(V)
J sc 
(mA cm −2 )
FF 
(%)
PCE 
(%)
as-cast  −  − 0.53 4.65 34.4 0.85  ± 0.04
50 60 exponential 0.54 7.62 40.0 1.64  ± 0.04
200 60 exponential 0.68 6.36 42.6 1.83  ± 0.10
150 60 exponential 0.66 9.92 61.4 4.00  ± 0.15
150 30 exponential 0.66 10.04 59.5 3.95  ± 0.05
150 10 exponential 0.65 9.71 62.5 3.93  ± 0.08
150 10 90 0.66 9.77 62.3 4.02  ± 0.11
150 10 30 0.65 9.83 62.0 3.94  ± 0.10
150 10 8 0.64 10.01 60.7 4.03  ± 0.02
150 10 Quenched a) 0.66 9.48 60.1 3.75  ± 0.11
 a) By removing the device from the hot stage to a cold steel plate for immediate 
cooling to room temperature. 
 Figure  5 .  J–V characteristics of a series of AM 1.5G light-illuminated 
P3HT:PCBM (60:40) devices following different thermal annealing 
treatments. 
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SECTION 5.4: PHOTOVOLTAIC PROPERTIES OF 
P3HT:PCBM THIN FILMS 
 
A series of OPV devices were fabricated in order to correlate device efficiency with 
the apparent morphological differences between blend thin films that were subjected 
to different annealing protocols. A series of selected illuminated JV characteristics are 
shown in Figure 5.9, with average efficiency metrics for all devices investigated 
presented in Table 5.1.   
 
Figure 5.9: JV characteristics of a series of P3HT:PCBM devices under white light illumination 
following different thermal annealing treatments. 
 
It can be seen that the average PCE of an as-cast device increases from 0.85 ± 0.04 % 
to 1.64 ± 0.04 % after annealing at 50°C for 1 hr. As significant crystallisation and 
phase separation of P3HT and PCBM is unlikely to occur at this temperature, the near 
doubling in device PCE is tentatively attributed to volume relaxation that develops an 
equilibrium amorphous morphology. The PCE further improves to 4.00 ± 0.1% when 
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the device is annealed at 150°C for 1 hr. Annealing at 200°C results in a significant 
degradation in performance, with devices having an average PCE of 1.83 ± 0.1%.  
 
 
Table 5.1: Average device performance metrics of all the devices following a range of 
annealing treatments. The uncertainty in PCE values represented the standard deviation of 6 
pixels. Note that to quench devices from 150°C, samples were transferred from a hot-plate onto 
a metal plate at room temperature, facilitating cooling in ~5-10s. 
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For thin films that have undergone annealing at this temperature, the peak optical 
density (Figure 5.8(a)) is the largest of all the annealed samples, suggesting the most 
efficient solar harvesting. However, PL emission intensity (Figure 5.8(b)) and optical 
microscopy (Figure 5.3(d)) indicate that annealing at 200°C has resulted in overly 
developed phase separation between P3HT and PCBM. The coarsening of domains 
and depletion of PCBM from the bulk of the thin film will clearly hinder the process 
of efficient exciton dissociation, as shown earlier in chapter 4, section 4.2. As this 
process is one of the most important steps in photocurrent generation 
10
, its impact on 
the PCE is highly detrimental. 
 
The results show that annealing at 150°C for times between 10 minutes and 1 hr 
represents an optimal treatment condition, as it results in the creation of devices 
having a PCE between 3.9 ± 0.1 % to 4.0 ±0 .1%. As discussed, the linear cooling 
rates (varied from 90°C min
!1
 to 8°C min
!1
) investigated in this work have little 
impact upon either optical absorption or PL intensity, with resultant devices all 
behaving identically within experimental uncertainty. Importantly however, devices 
annealed at 150°C for 10 minutes and subsequently quenched (over the course of a 
few seconds) to room temperature have a significantly lower average PCE of 3.75 ± 
0.1 %. This lower efficiency mainly results from a lower Jsc and a slightly smaller FF 
compared to devices that were cooled either linearly or exponentially. As shown in 
Figure 5.8(c) the optical density of the blend film that was quenched to room 
temperature after isothermal annealing is smaller compared to films that were cooled 
linearly. This suggests that the thermal quench does not provide sufficient time for 
P3HT to undergo crystallization and results in a greater fraction of relatively 
amorphous P3HT domains being present. These phases will have reduced optical 
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density, which will clearly reduce Jsc, whilst the relatively poor charge transport 
efficiencies of amorphous material will likely reduce the FF 
10-11
. Another possibility 
is that molecules can freeze into non-equilibrium states during the rapid thermal 
quench. Such assumed non-equilibrium morphological states clearly have a 
detrimental affects on device efficiency, as their removal (e.g., by annealing at 50°C 
for 1 hr) results in a relatively significant improvement in device power conversion 
efficiency (from 0.85% to 1.64%). Such states may act to reduce device efficiency by 
reducing the overall mobility of charge-carriers within the film resulting from reduced 
!–! stacking, or by acting as charge traps.  
 
SECTION 5.5: CONCLUSIONS 
 
In this chapter spectroscopic ellipsometry has been used to give a detailed insight into 
the processes which occur during the thermal annealing of blend thin films of P3HT 
and P3HT:PCBM. As the Tg of pure P3HT is below the ambient temperature at which 
the thin films were cast, casting solvent is unlikely to remain trapped after the film 
has vitrified. In contrast, the relatively elevated Tg of P3HT in the blend samples 
causes a small fraction of solvent to become trapped inside the thin film. By 
exceeding the Tg of the blend during thermal annealing, trapped solvent may escape; a 
process that leads to a reduction in the expansion rate of the film and associated 
changes in the optical absorption characteristics of the blend. During isothermal 
annealing and cooling, thin film blends undergo volume relaxation, phase separation 
and crystallisation. By subjecting blend thin films to a range of annealing 
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temperatures, annealing times and cooling rates, a series of apparently 
morphologically distinct samples were created.  
 
OPV devices were subsequently fabricated using active layers that had undergone 
identical annealing protocols in order to correlate apparent morphological differences 
in thin film blends to their photovoltaic efficiency. It is important to acknowledge that 
the presence of a cathode on the free surface of the OPV devices prior to thermal 
annealing may introduce morphological differences between these samples and 
annealed blend films. However, it is not possible to measure the properties of a blend 
thin film using SE when the film is covered by an opaque metallic layer. Whilst the 
results were in agreement with previous studies, the cooling rate was found to have a 
small impact on device efficiency, with devices rapidly cooled having an apparently 
reduced content of semi-crystalline P3HT. Thus light absorption and charge transport 
efficiency will likely be lower compared to devices to have been slowly cooled to 
room temperature.   
 
The results presented here use the link between P3HT crystallinity and optical 
absorption characteristics, as discussed in the previous chapter, to develop a 
mechanistic understanding of the thermal annealing process for polymer:fullerene 
blend OPVs. The results here provide a backdrop for the following chapter, in which  
the phase behaviour of several P3HT:PCBM blend compositions are explored and 
related to the photovoltaic properties of films and devices subject to thermal 
annealing. This helps to rationalise and provide a general overview of the processing 
step. 
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CHAPTER 6: RATIONALISING PHASE 
TRANSITIONS WITH THERMAL 
ANNEALING TEMPERATURES FOR 
P3HT:PCBM OPV DEVICES 
 
SECTION 6.1: INTRODUCTION 
 
In this chapter the composition of the active layer in P3HT:PCBM OPVs is 
demonstrated to determine the range of thermal annealing temperatures that can be 
used to increase device performance 
1
. By comparing device studies with the thermal 
transitions of the blend, the results develop a mechanistic understanding of this 
processing step, potentially providing a framework to design effective annealing 
protocols for future polymer:fullerene blend OPVs. For certain as-cast P3HT:PCBM 
blend thin-films two glass transitions related to the polymer are evidenced, which 
most likely correspond to the existence of two compositionally different amorphous 
states. It is shown that an improvement in device efficiency only occurs once the film 
has been heated above its upper apparent glass transition temperature. If annealing is 
performed above an optimum temperature, excessive phase-separation and a partial 
reduction in film optical density leads to a general decrease in device efficiency.  
 
A number of studies have attempted to construct a phase diagram for blends of 
P3HT:PCBM in order to elucidate the thermal properties of the system and relate 
these to the properties of OPVs 
2
. Given the sensitivity of P3HT:PCBM film 
! "#$!
morphology to processing conditions, it is not always clear if the samples prepared for 
thermal characterisation are representative of samples prepared for OPV fabrication. 
For example, the phase behaviour of a drop-cast film may differ from the phase 
behaviour of a film that has been prepared by spin-casting, owing to differences in the 
drying dynamics of either sample 
2a
.  
 
In this chapter, a phase diagram for P3HT:PCBM blend thin-films is constructed 
using spectroscopic ellipsometry (SE), focusing on transitions at relatively low 
temperatures (below 100°C) only. Here, the methodology employed in the previous 
chapter is followed. The results are in close qualitative agreement with a phase 
diagram for the same system determined using Dynamic Mechanical Thermal 
Analysis (DMTA) by Hopkinson et al. 
2b
 Specifically, the relative increase in the 
glass transition temperature (Tg) of the P3HT phase within the blend films increased 
with increasing weight fraction of PCBM (wt%), until the PCBM undergoes partial 
phase separation in the as-cast film. Beyond this threshold concentration (measured at 
66 wt% PCBM), a relative reduction in the Tg of the P3HT phase suggested a reduced 
concentration of PCBM mixed within the polymer phase.  
 
In this chapter, SE is used to monitor the thermal expansion of blend thin films 
prepared identically to those used in OPVs. This demonstrates that the Tg of P3HT 
containing phases within the blend thin-films increases as the relative fraction of 
PCBM in the blend is increased from 20 to 60 wt%. However a relative decrease is 
observed in Tg in a blend thin-film containing a PCBM loading of 80 wt%. For blends 
compositions in which two Tgs can be detected, the higher temperature Tg apparently 
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defines the minimum annealing temperature for which an improvement in device 
efficiency can occur. Above this temperature, residual casting solvent is removed and 
the film is driven by phase separation between P3HT and PCBM into a nanoscale 
morphology that is more favourable for efficient device operation. Annealing at 
temperatures in excess of optimal processing conditions however results in both 
excessive phase separation of PCBM and a relative blue shift in the optical density of 
the film, limiting its ability to efficiently harvest light.  
 
SECTION 6.2: IMPACT OF THERMAL ANNEALING ON 
THE PHOTOVOLTAIC EFFICIENCY OF P3HT:PCBM OPV 
DEVICES 
 
To begin with, the effects of thermal annealing on the power conversion efficiency 
(PCE) of a P3HT:PCBM device are revisited. Although it has been previously 
established that the film composition range that yields the best devices utilising this 
blend system is between 40 and 50 wt% PCBM 
3 
it is instructive to probe a broader 
region of parameter space to give greater insight into the thermal response of 
P3HT:PCBM OPVs to thermal annealing.  
 
First, to determine an appropriate isothermal annealing time, OPVs with an active 
layer containing between 40 and 60 wt% PCBM were annealed at 150˚C for times 
ranging from 5 to 60 minutes. The PCEs of these annealed devices as a function of 
isothermal annealing time are presented in Figure 6.1. It can be seen that the PCE of 
all device compositions is significantly increased after only a short isothermal 
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annealing step. Within the uncertainty of device efficiencies (estimated as the 
standard deviation across 12 pixels), the PCE for each device composition appears to 
be relatively stable to annealing times ranging from 5 minutes up to 1 hr, an 
observation in accord with other studies 
4
. From this preliminary experiment an 
isothermal annealing time of 10 minutes was chosen to further explore the impact of 
isothermal annealing temperature on device efficiency.  
Figure 6.1: Power conversion efficiency of P3HT:PCBM blend OPVs (40 to 60 wt% PCBM) 
after annealing at 150˚C for between 5 and 60 minutes.  
 
In Figure 6.2 (a) the measured PCEs of devices having a PCBM content between 40 
and 60 wt% as a function of annealing temperature is presented. The PCEs of devices 
containing 20 wt% and 80 wt% PCBM are shown in Figure 6.2(b). Average device 
metrics (FF, Jsc and Voc) are presented in Figure 6.3.  
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In Figure 6.2(a), it can be seen that significant improvements in device efficiency can 
result from thermal annealing 
3a, 5
. For example, PCEs can be improved from less than 
1% for all blend ratios, to up to 3.4% in a device containing a blend composed of 
60:40 wt% P3HT:PCBM. The driving force for the improvement in device PCE come 
principally from changes in the short-circuit current density (JSC), which can be seen 
from Figure 6.3. It can be seen that the Jsc of each device blend composition 
qualitatively follows the same trend with annealing temperature as the PCE, 
increasing and then decreasing at temperatures that are apparently characteristic of the 
blend composition. I quantify this by defining Tonset as the temperature beyond which 
device efficiency is improved compared to an equivalent unannealed control. Tonset 
increases from 45 ± 5˚C in devices with a film composition of 40 wt% PCBM, to 70 ± 
5˚C in devices containing 60 wt% PCBM. At temperatures beyond Tonset, the PCE 
further increases, reaching an optimum value at a particular temperature, hereafter 
defined as Toptimum. When annealed at a temperature above Toptimum, the PCE of the 
devices is seen to decrease. Toptimum is also apparently dependent on relative film 
composition, reducing from 130 ± 5˚C in a 40 wt% PCBM film to 110 ± 5˚C in film 
containing 60 wt% PCBM. Films containing a higher PCBM loading undergo a larger 
reduction in PCE when annealed at a temperature above Toptimum. For example, 
devices containing 40%, 50% and 60% (wt%) PCBM within the active layer that have 
been annealed at 40˚C above Toptimum have an efficiency that is 57, 47 and 42% of the 
efficiency of a device annealed at Toptimum. 
! "#$!
 
Figure 6.2: Power conversion efficiency (PCE) values for P3HT:PCBM blend devices as a 
function of annealing temperature. Data for devices having between 40 and 60 wt% PCBM in 
the active layer are shown in part (a), whilst part (b) shows data for devices with 20 wt% and 80 
wt% PCBM. Lines are provided as a guide to the eye. 
! "##!
 
 
Figure 6.3: Average short-circuit current densities (Jsc) (top row), fill factors (FF) (middle row) 
and open circuit voltages (Voc) (bottom row) for all the devices measured for this work. Data is 
split in the same manner as Figure 6.2 for ease of comparison. Lines are provided as a guide to 
the eye only.  
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In Figure 6.2(b), I plot the efficiency of devices having either a high or a low fraction 
of PCBM in its active layer. In both cases, the PCE of the devices are low; devices 
containing 20 wt% PCBM have a maximum efficiency of 1.2%. The origins of such 
low efficiencies are well understood 
6
, as films composed predominantly of P3HT 
have favourable absorption characteristics. However exciton dissociation and 
extraction of electrons is inefficient due to an insufficient concentration of PCBM 
acceptor molecules. At high PCBM concentration however, the transport and 
extraction of holes becomes problematic together with a reduced absorption overlap 
of the active layer with the solar spectrum 
7
. Nevertheless, for devices containing 
either 20% or 80 wt% PCBM, thermal annealing also modifies device PCE; for 20 
wt% PCBM loading, values of Tonset and Toptimum are found to be 50 ± 5˚C and 170 ± 
5°C respectively. When the device contains 80 wt% PCBM, there is an apparently 
negligible benefit from the thermal annealing process. Indeed, beyond approximately 
105˚C, the treatment becomes detrimental with a monotonic decrease in PCE as the 
annealing temperature is increased.  
 
From Figure 6.3, it can also be seen that the fill-factor (FF) of the annealed devices is 
also improved by a factor of up to 2 times compared to that of the equivalent controls. 
Devices containing either a high or a low fraction of PCBM undergo a smaller 
relative improvement compared to devices having a PCBM loading between 40 and 
60 wt%. The relative magnitude of the FF provides an approximate measure of the 
relative balance between electron and hole mobilities 
3b
, as discussed in chapter 2 
section 2.5, with a smaller FF indicating imbalanced charge-carrier mobility. Indeed, 
a number of studies have suggested that a FF less than ~ 42% indicates that charge-
extraction is limited by space-charge 
8
. The data in Figure 6.2 shows that for blend 
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devices containing 20 wt% and 80 wt% PCBM, the FF never exceeds 37%, 
suggesting that such devices have intrinsically imbalanced charge-carrier mobility. 
 
To summarise; Figures 6.2(a) and 6.2(b) demonstrate that a composition-dependent 
annealing range exists. The onset temperature for improved device efficiency (Tonset) 
increases with increasing PCBM wt%, whilst the optimum annealing temperature 
(Toptimum) decreases with increasing PCBM wt%. The effect of these two processes 
suggests that the annealing window for improving device PCE narrows with 
increasing PCBM wt%. Indeed, for devices containing the highest wt% of PCBM, 
thermal annealing is detrimental to device efficiency. The remainder of this chapter 
proceeds to rationalise these findings on the basis of the various thermal transitions 
(including the apparent glass-transition temperature Tg) and properties of the active 
layer materials.  
 
SECTION 6.3: ORIGIN OF THE MINIMUM EFFECTIVE 
ANNEALING TEMPERATURE 
 
To rationalise the thermal annealing of P3HT:PCBM OPVs, it is necessary to 
construct a phase diagram for the blends studied. Blend thin-films were prepared in 
the same manner to those used in devices and were cast onto silicon / native oxide 
substrates. These samples were monitored during the first heating cycle using 
spectroscopic ellipsometry. This approach provides an opportunity to test the 
conclusions drawn from the phase diagram constructed by Hopkinson et al. using 
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DMTA 
2b
. A summary of the SE data is presented in Figure 6.4, alongside values for 
Tonset and Toptimum as determined from the data in Figure 6.1.  
 
Figure 6.4: (a) Normalised thickness (of P3HT:PCBM (wt%) thin films as a function of 
temperature measured during the first heating cycle. Data is offset for clarity. For each sample a 
number of straight lines are fitted to the temperature-dependent expansion of the sample, with 
the intersection of such lines marking the apparent glass transitions of the blend. (b) The onset 
annealing temperature for PCE improvement in P3HT:PCBM OPVs as a function of the active 
layer composition, plotted alongside the Tg values extracted from part (a). Optimum annealing 
temperatures for P3HT:PCBM OPVs as a function of the composition of the active layer 
composition are plotted in part (c).  
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In Figure 6.4(a) the relative change in thickness of a series of blend thin films as they 
are subjected to a thermal ramp is presented. This can be quantified using (h-ho)/ho, 
where h is the film thickness at temperature T and h0 is the film thickness prior to 
thermal annealing. As shown, a number of changes occur in the thermal expansion 
rate as the films are annealed. To estimate the temperature at which these changes in 
expansion rate occur, each data set is considered as a being composed as a series of 
regions having linear thermal expansion coefficients. An intersection of a fit to these 
linear regions permits the apparent glass transitions of the blends to be determined 
during the first heating cycle, a method commonly used to extract Tg values for other 
polymer thin-films 
9
. In Figure 6.4(b), the Tg values extracted from part (a) are shown, 
together with values for Tonset as determined from Figure 6.1, with Toptimum values 
plotted in Figure 6.4(c). 
 
From chapter 5 it was shown that thin films of the P3HT batch used in this thesis have 
a Tg of 20˚C. It can be seen in Figure 6.4(a) that in a blend containing 20 wt% PCBM, 
there is a change in the thermal expansion rate that approximately coincides with this 
temperature with an additional higher temperature transition observed at 50˚C. For 
blend thin-films with 40 to 60 wt% PCBM, two transitions are again detectable, 
however the temperature of the Tg apparently increases as the relative content of 
PCBM within the blend is increased. At 80 wt% PCBM, a single transition is 
observed that occurs at a temperature that is relatively lower than that observed in the 
60 wt% blend film.  
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In many cases, as a film is heated above the thermal transitions identified, the 
expansion rate remains positive. It is speculated that these transitions correspond to 
glass-transitions, where an expansion in film thickness occurs as molecules acquire 
sufficient thermal energy to undergo a transition to a more mobile state and thus 
explore a greater free volume, i.e. the material undergoes a transition from a glassy to 
a rubbery state 
9
. A notable exception to this occurs in blends with a PCBM loading of 
40 to 60 wt%, in which the films undergo an apparent contraction in thickness when 
heated above the second Tg. Comparing these results to those discussed in chapter 5, 
section 5.2, it is likely that the glass transition over this relatively small composition 
range is convoluted with the effects of the removal of residual casting solvent that 
occurs during the first heating cycle. As the film is heated above the higher 
temperature Tg, solvent loss occurs as the polymer chains have sufficient thermal 
energy to allow the expulsion of trapped solvent molecules. This loss of solvent will 
clearly lead to a partial self-organisation of the polymer that will manifest itself by a 
reduction in film thickness, as discussed in chapter 4, section 4.2. This volume-
reduction process will dominate over the competing process of thermal expansion 
until such a time where the majority of the solvent has been removed. At this stage the 
expansion rate of the sample becomes positive once more.  
 
It can be seen that this solvent loss process is not observed in blend films containing 
either 20 wt% or 80 wt% of PCBM. I speculate that his phenomenon has two different 
origins. Firstly the absence of solvent loss effects in blend films containing 80wt% 
PCBM blend reflects the fact the relatively low concentration of P3HT molecules 
within the film limits its ability to trap solvent. Secondly, it has been shown that as 
the difference between the temperature at which a film is cast and the Tg of film 
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increases, a larger volume of the casting solvent is trapped 
10
. As the lower Tg of films 
containing 20 wt% PCBM lies below room temperature, it suggests that the majority 
of casting solvent evaporates as the film is cast and thus little solvent remains to be 
expelled as the film is annealed. 
 
As can be seen in Figure 6.4(b), the Tg of P3HT:PCBM blend thin-films is larger than 
that of the pure polymer. Furthermore this temperature increases as the relative wt% 
of PCBM in the blend is increased. This result is in good agreement with the study of 
this system using DMTA, confirming the fact that PCBM molecules act as an anti-
plasticiser for P3HT. Importantly however, in the blend thin film having the highest 
loading of PCBM (80 wt%), the Tg of the blend undergoes a reduction, an observation 
also in line with the observations and conclusions reported in ref [2]. The 
measurements presented here however indicate that in blends with a PCBM wt% 
between 20 to 60%, there are in fact two distinct glass transitions. This is tentatively 
ascribed to the blend film comprising at least two compositionally distinct, 
amorphous, P3HT phases within the as-cast blend thin film. It is important to 
emphasise that these phases co-exist with the pure semi-crystalline P3HT and PCBM 
phases; however the relative volume fraction of each phase will likely depend on the 
sample composition and will be dependent on any phase separation that occurs during 
spin-casting.  
 
To gain confidence in the existence of a phase associated with the relatively low 
temperature Tg, the thermal expansion of a blend thin film (50 wt% PCBM) during 
first heating was measured as a function of heating rate, to determine how the 
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experimental conditions affect the temperature associated with the transition. 
Additionally, to explore the reversibility of the system a blend sample was monitored 
over the course of two heating and cooling cycles.  
 
Figure 6.5: (a) Thickness change of an as-cast P3HT:PCBM (50:50 wt%) blend thin-film 
during the first heating cycle, for different heating rates. For clarity, the data corresponding to 
the sample heated at 5°C/min is plotted on a second y-axis. The temperature at which each 
transition is observed as a function of sample heating rate is presented in part (b).  
 
(a) 
(b) 
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As can be seen in Figure 6.5, two Tgs are detectable for all heating rates used. 
However the lower temperature transition only results in a minor modification to the 
film expansion rate. In all cases the effects related to solvent loss only occur when the 
temperature of the thin film exceeds the second, higher temperature Tg. The relative 
decrease in Tg temperatures at low (< 2°C/min) heating rates have also been observed 
in other polymer thin films. For polystyrene, the relaxation dynamics are Arrhenius in 
nature, with an activation energy that decreases as the heating rate slows 
11
. It is 
possible that the same effects are being observed in this system.  
 
The thickness changes of a blend thin-film recorded over the course of two heating 
and cooling cycles are presented in Figure 6.6. Parts (a) and (b) correspond to the first 
heating and cooling cycle respectively of the film when raised to a temperature of 
50°C. Parts (c) and (d) similarly correspond to the second heating and cooling cycle 
of the same film when raised to 100°C. SE has also been used to model the 
wavelength-dependent extinction coefficient of the film as shown in part (e). As can 
be seen in Figures 6.6(a) to (c), at transition (Tg,1) at 36°C is measureable during 
heating, which shifts to 25°C as the sample is cooled. The apparent reversibility of 
this transition (recorded at 30°C during the second heating cycle) within the range of 
heating temperatures applied suggests its origin is a glass transition. Note that in part 
(c) the sample is heated to a higher temperature than during the first heating cycle. It 
can be seen that the effects of solvent loss are observed when the temperature of the 
film is above 60
o
C
 
corresponding to the blend undergoing a second glass transition 
(Tg,2), as shown previously in this section and in chapter 5. Upon cooling the film 
from 100
o
C (see Figure 6.6(d)), only a single transition (Tg,3) at 50°C can be detected.  
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Figure 6.6: Thickness changes for a P3HT:PCBM (50:50 wt%) blend thin film during (a) first heating, 
(b) first cooling, (c) second heating & (d) second cooling. Heating & cooling rate was kept at 5
o
C/min 
throughout. The intersections of the orange lines mark the apparent Tg (s) of the sample. In (e) the 
modeled extinction coefficient spectrum for the blend before heating and after the first and second 
heating cycles. 
Tg,1 = 36° 
Tg,1 = 25° 
Tg,1 = 30° 
Tg,2 = 58° 
Tg,3 = 51° 
Heating 
Heating 
Cooling 
Cooling 
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In Figure 6.6(e), it can be seen that the extinction coefficient of the film remains 
relatively unchanged after the first heating cycle, but undergoes a significant 
enhancement in strength that is accompanied by a red-shift after the second heating 
cycle. This suggests that heating the film above the low temperature Tg does not 
induce significant morphological changes within the film, an observation that 
suggests the phase associated with this transition comprises a relatively low volume-
fraction of the film. In contrast, upon heating and subsequently cooling the sample 
from a temperature above the upper Tg of the blend, the film undergoes a significant 
degree of self-organisation, inferred from the structure of the k spectrum. The 
observation of a single glass transition at 50°C after cooling from an elevated 
temperature suggests the amorphous polymer phase of the thin-film has become 
relatively more homogeneous.  
 
As shown by Parnell et al. 
12
, using Neutron Reflectivity as-cast thin films of 
P3HT:PCBM (40 wt% PCBM) exhibit a surface layer rich in P3HT (~85% volume 
fraction). The depth of this layer was measured to be 25 nm for a total film thickness 
of 150 nm. Other studies have also shown that as-cast blend thin films of 
P3HT:PCBM undergo vertical stratification, whereby the surface and the buried 
interface of a P3HT:PCBM blend film may be compositionally different to the bulk 
phase. Germack et al. estimated that P3HT forms an almost pure layer ~6 nm thick at 
the top of blend thin-films (50wt% PCBM) (total thickness 80 nm) onto silicon / 
native oxide substrates, increasing to ~15 nm for a blend thin film cast onto 
PEDOT:PSS 
13
. Tillack et al. concluded the surface of as-cast blend thin-films is 
almost exclusively composed of P3HT for a 1:0.95 wt% blend thin film 
14
. However 
the limitations of the technique used (Near-Edge X-Ray Absorption Fine Structure) 
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mean that the estimated thickness of this layer is likely to be a lower bound. Although 
a positive verification is not possible at this stage, considering these studies the 
observations reported here suggest that the relatively lower temperature Tg may 
originate from a thermal transition of the surface-layer of the blend films in which the 
concentration of PCBM molecules is low.  
 
To determine if a correlation exists between the device data presented in section 6.2 
and the SE data presented in this section, Figure 6.4(b) presents Tg values extracted 
from the SE data as a function of PCBM wt% in the blend, alongside the onset 
temperature for OPV device improvement, as determined from the data in Figure 1. 
Notably, a close coincidence is found between Tonset (for the OPVs) and the upper 
temperature Tg of the blends. This agreement confirms that the Tg of the blend defines 
the minimum effective temperature for improving the photocurrent generating 
efficiency of the blend and, in the most efficient blend compositions, for the removal 
of residual solvent. The absence of a link between the relatively low temperature Tg 
and Tonset supports the hypothesis that the low-temperature Tg is associated with a 
volume of the blend film in which the concentration of PCBM molecules is low. 
 
It is important to acknowledge the differences between the samples prepared for SE 
and for OPVs. It has been endeavored to replicate in the samples for SE as closely as 
possible the morphology of P3HT:PCBM blends as would exist in an OPV prior to 
thermal annealing. However, for SE samples a free surface exists which is not present 
during the annealing process for OPVs. Additionally the films are cast onto native 
silicon oxide and not PEDOT:PSS. It is not possible to model both thickness changes 
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and optical characteristics of films beneath 100 nm of aluminum, which would fully 
resemble a device and so would be the ideal sample. I have monitored a blend thin 
film cast onto PEDOT:PSS during heating, in addition to a control sample of 
PEDOT:PSS only, with results presented in Figure 6.7.  
 
Figure 6.7: (a) Thickness evolution of a PEDOT:PSS film on silicon / native oxide during a 
first heating cycle. The heating rate used was 5°C/min. In part (b), a P3HT:PCBM (50:50 wt%) 
film deposited onto PEDOT:PSS is shown for a first heating cycle, highlighting the effect of the 
thickness contraction in PEDOT:PSS at relatively low temperatures on the raw ellipsometry 
data. The modeled extinction coefficient spectra for a P3HT:PCBM (50:50 wt%) film and a 
PEDOT:PSS film is shown in part (c).  
 
(a) (b) 
(c) 
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It can be seen in Figure 6.7(a) that PEDOT:PSS undergoes a thickness contraction in 
the low temperature range up to 60°C. For blend thin films cast onto PEDOT:PSS the 
thickness contraction overlaps with the low Tg transitions identified for samples on 
native silicon oxide, which effects the raw SE data as shown in Figure 6.7(b). As 
discussed in chapter 3, section 3.4.3, the Cauchy model used to calculate film 
thicknesses requires the film to be transmissive. In the wavelength region where 
P3HT:PCBM does not strongly absorb light (! > 700 nm) PEDOT:PSS is weakly 
absorbing (see Figure 6.7(c)), thus deconvolution of the SE data is not possible. 
Nonetheless, the good correlation between SE data and OPV measurements suggests 
that structural changes within the bulk of the blend films are the dominant driving 
force for improvements in OPV device efficiency, with interfacial effects playing a 
relatively minor role.  
 
SECTION 6.4: ORIGIN OF THE OPTIMUM ANNEALING 
TEMPERATURE 
 
I now discuss the effect of annealing a blend above its Tg. With the exception of the 
devices based on a blend containing 80 wt% PCBM, thermal annealing at 
temperatures up to Toptimum increase device efficiency by driving phase separation and 
increasing the crystallinity of each phase 
15
. Beyond Toptimum it is possible for at least 
one of the materials within the film to undergo excessive phase separation or a phase-
transition, resulting in a morphology that is less favourable for efficient device 
operation. From Figure 6.4(c), the optimum annealing temperature as a function of 
PCBM wt% was shown. It can be seen that this temperature undergoes a progressive 
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reduction as the fraction of PCBM is increased. As will be discussed in this section, 
this temperature is most likely defined by the kinetics of the annealing process, rather 
than being associated with any one thermal transition.  
 
To explore the apparent observation of an optimum annealing temperature, I have 
performed optical microscopy on a series of P3HT:PCBM blend films having a range 
of different relative compositions that were annealed at a series of temperatures above 
140°C and subsequently cooled rapidly to room temperature. A selection of 
representative images is shown in Figure 6.8. As can be seen, after thermal annealing 
at 140°C, (a temperature that just exceeds Toptimum for all devices with the exception of 
the 20:80 wt% P3HT:PCBM active layer blend) relatively few structures are present 
that can be resolved optically in all of the films studied.  
 
! "#$!
 
Figure 6.8: Optical micrographs (60 µm x 80 µm field of view) for P3HT:PCBM blend thin-
films annealed and subsequently cooled from a temperature above 140°C.  
 
These observations suggest that films annealed below this temperature mainly consist 
of nanoscale domains of P3HT and PCBM together with a molecularly mixed phase. 
However as the annealing temperature is raised above 140°C, it can be seen that 
excessive phase separation between the blend components occurs. Indeed, aggregates 
having a size of 10 to 100s of microns, identified as polycrystalline PCBM 
16
, form in 
films composed of 80 wt% PCBM that have been annealed at a temperature at or 
above 160°C. As the relative fraction of PCBM is reduced, fewer microscopic PCBM 
crystallites are observed at any given annealing temperature, reflecting the fact that a 
smaller number of PCBM molecules are present in the sample. This observation 
provides a partial explanation for the relative stability of devices having a low PCBM 
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fraction when annealed at a temperature just above Toptimum as discussed in section 6.2, 
since excessive phase separation is clearly hindered by the relatively low 
concentration of PCBM.  
 
In an attempt to ascribe a thermal transition to the onset of PCBM phase separation in 
the blend thin films, I note that a solid-solid transition was measured for pure PCBM 
by DMTA at 155°C 
2b
. Verplogen et al. have identified this transition as the cold 
crystallisation temperature 
16
. This transition apparently exists in films having a 
PCBM wt% above ~66%, suggesting that below this concentration, the transition may 
be suppressed. Several studies have however demonstrated that PCBM in pure and 
blend thin-films can form aggregates or crystals at temperatures below 131-134°C 
16-
17
. It is also important to acknowledge the influence of the substrate (specifically its 
surface energy) in determining the extent of the phase separation (i.e. the kinetics of 
the aggregation process) at the micron length-scale. Indeed, He at al. 
18
 observed that 
in P3HT:PCBM blend thin films cast from 1,2-dichlorobenzene, PCBM may phase 
separate earlier and at a lower temperature than if the blend thin film is deposited onto 
silicon / native oxide, compared to PEDOT:PSS. It appears therefore that isothermal 
annealing at a temperature above 130°C may be the minimum temperature required to 
drive PCBM aggregation, however kinetics and interfacial energy effects are likely to 
play an important role, particularly since film thickness and polymer regioregularity 
19
 
will also influence the diffusion rate of PCBM through a polymer matrix.  
 
The existence of microscopic PCBM aggregates in P3HT:PCBM blend films is a 
clear indication that the film has been over-annealed, resulting in reduced operational 
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efficiency, as shown in chapters 4 and 5. Such structures may also be sufficiently 
large to exceed film thickness, thereby creating a short-circuit or possibly damaging 
the device electrode 
20
. The formation of such microscopic structures by annealing 
above Toptimum will be accompanied by a relative depletion of acceptor material within 
the bulk of the film; an effect that will reduce both the efficiency of exciton 
dissociation and the extraction of electrons from the device. However, it is apparent 
that the optimum annealing temperature for OPVs occurs before the onset on PCBM 
micron-scale aggregation. To further characterise the effects of annealing on the 
properties of P3HT:PCBM based devices, I have measured both the optical density 
and relative photoluminescence efficiency of a series of representative films. UV-
Visible spectroscopic techniques provide a useful probe to qualitatively explore 
structure-property relationships of the blend films at a resolution of a few nm, a length 
scale that cannot be accessed using conventional optical microscopy techniques. 
These measurements thereby provide a useful complement to the earlier discussion. 
 
In Figure 6.9, I present a summary of the optical characteristics of the blend thin-films 
as a function of annealing temperature. For ease of comparison, the data is split in the 
same manner as in Figure 6.2. Specifically, Figures 6.9(a) and 6.9(b) show the 
wavelength at which blend thin-films have their peak optical density (here defined as 
!max), whilst 6.9(c) and 6.9(d) show the integrated photoluminescence emission 
intensity of the same films. Representative spectra from which this data is extracted 
are shown in the Appendix, Figures A1-2. 
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Figure 6.9: The wavelength at which blend thin-film optical density is maximised, !max, after 
thermal annealing for: (a) blends with 40-60wt% PCBM and (b) 20wt% and 80wt% PCBM. In 
(c) and (d) the integrated photoluminescence emission from samples after annealing for blends 
with 40-60 wt% PCBM and 20 wt% or 80 wt% PCBM respectively. Lines are provided as a 
guide only. 
 
It can be seen that annealing films containing between 40 and 60 wt% PCBM at a 
relatively low temperature, results in a red-shift of !max. For example, a film 
containing 40 wt% PCBM undergoes a shift in !max from 485 nm to 515 nm after 
being annealed at 130°C. In Figure A1, it can be seen that this red-shift is also 
accompanied by an increase in optical density. This trend reverses (i.e. the optical 
density decreases and !max undergoes a relative blue-shift) after a film is annealed 
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beyond a temperature approximately coincident with Toptimum. In fact, a clear 
correlation is found between the data in Figures 6.2(a) and 6.8(a), showing that the 
increased device PCE on annealing above Tonset (upper Tg) is correlated with a red-
shift of !max and an increase in OD, whilst annealing above Toptimum is correlated with a 
blue-shift of !max and a reduction in OD. This demonstrates that annealing a 
P3HT:PCBM film at a temperature between Tonset and Toptimum, followed by rapidly 
cooling to room-temperature provides a driving force for P3HT crystallisation, 
providing a partial explanation for improvements in device efficiency (for example, 
improved harvesting of the solar spectrum). On annealing a film above Toptimum, 
followed by a rapid return to room temperature, the observed blue-shift of !max and 
relative weakening in film OD suggests that a significant fraction of the P3HT 
polymer is quenched into a largely amorphous state. Note that this process occurs 
without the film being partially melted, as the melt temperature of P3HT is expected 
to be above 200°C for all the blend compositions explored in this work 
2b, c
. 
Nevertheless, this rapid return to room-temperature generates a film having poor light 
harvesting capability and predicted lowered charge mobility 
21
. Note that in the 
previous chapter, it was demonstrated that by slowly cooling blend thin films even 
from a relatively high (>150°C) temperature, polymer crystallisation is further 
encouraged; a process that corresponded to relative improvements device PCE of up 
to ~5%.  
 
It is apparent that the maximum OD of a film on annealing is inversely correlated 
with the relative PCBM concentration. As the maximum absorption wavelength !max 
is a measure of the degree of crystallization, this effect shows that an increased 
PCBM concentration hinders P3HT crystallisation. Interestingly, Figure 6.9(b) 
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demonstrates that films containing either a high or low PCBM weight fraction only 
undergo small changes in !max on annealing. On closer inspection of the absorption 
spectra recorded from films containing a relatively low (20 wt%) concentration of 
PCBM (see Figure A1), it can be seen that even in as-cast films, there is a relative 
high fraction of crystalline P3HT present (as evidenced by the peak corresponding to 
the 0-0 electronic transition, seen around 600 nm) that is not significantly increased 
by subsequent thermal annealing. In films containing a high fraction (80 wt%) of 
PCBM, the packing and partial crystallization of P3HT is clearly restricted by the 
PCBM under the annealing protocol used in this work. 
 
In Figures 6.8(c) and (d) I plot the integrated PL intensity from a series of thin-film 
blends as a function of annealing temperature. It can be seen that the relative PL 
intensity is inversely proportional to the fraction of PCBM as anticipated. It can be 
seen that for each of the film compositions, the PL emission intensity increases once 
the annealing temperature exceeds a certain threshold temperature, again closely 
correlated to the upper Tg of the blend and Tonset. The effect is particularly evident in 
films containing either 40 or 50 wt% PCBM, where PL emission intensity increases 
significantly on annealing above 50°C, whilst emission from films containing 60 wt% 
PCBM increases in a linear fashion when annealed above 60°C. The temperature at 
which the PL emission intensity increases also correlates well with observed changes 
in the absorption spectra (Figures 6.9(a) and (b)) and device efficiency (Figure 6.2). 
Such correlated trends further suggest that annealing above Tonset permits the film 
morphology to undergo a transition from a largely mixed phase in which excitons are 
efficiently quenched, to a morphology in which nanoscale phase separation reduces 
the efficiency of exciton dissociation. 
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When thin films containing a relatively low fraction of PCBM are annealed at 
temperatures above 150°C, a marked increase in PL intensity is observed. This 
increase in PL intensity is indicative of reduced exciton quenching resulting from the 
formation of larger (or purer) P3HT domains. In contrast, the fluorescence emission 
intensity of films containing 50 wt% by mass PCBM does not increase significantly 
on being annealed above 150°C. From Figure A.1, measurements of the absorption 
spectra indicate that P3HT has limited ability to undergo self-organisation in films 
containing a relatively high fraction of PCBM and thus such films are likely to 
contain a greater (relative) fraction of amorphous P3HT. This suggests that the 
relatively small increases in P3HT PL emission intensity from films containing a 
relatively high fraction of PCBM upon annealing and subsequently rapid cooling 
results from PCBM molecules that have become mixed in regions dominated by 
amorphous polymer 
22
. Such amorphous material may hinder the ability of PCBM in 
the bulk of the blend film to coalesce into nanoscale networks, with such molecular-
mixed phases being associated with relatively efficient exciton quenching. 
 
In summary, the data presented in Figures 6.8 and 6.9 demonstrate that annealing a 
P3HT:PCBM film beyond Toptimum results in both P3HT and PCBM blend fractions 
that have unfavourable OPV characteristics. This may arise from reduced optical 
density and overlap with the solar spectrum (limiting the ability of the device to 
harvest sunlight), as shown in Figure 3.8, and from the creation of microscopic 
PCBM aggregates, resulting in an overly coarse degree of phase separation as shown 
in Figure 6.8. As discussed, it is not possible to ascribe a composition dependent 
thermal transition to Toptimum, as has been demonstrated when correlating Tonset with 
the higher temperature Tg of P3HT. It is instead likely that Toptimum is instead 
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determined by the kinetics of PCBM diffusion during isothermal annealing and the 
relative crystallinity of both P3HT and PCBM during annealing and cooling. 
 
SECTION 6.5: CONCLUSIONS 
 
I have explored the impact of thermal annealing on the photovoltaic efficiency of 
P3HT:PCBM OPVs across a range of active layer compositions and annealing 
temperatures. These results are related to the phase transition behaviour of the blends. 
Measurements on the glass transition of the blends in a thin-film geometry suggest 
that two distinct compositional amorphous phases exist. I demonstrate a positive 
correlation between the highest temperature apparent glass transition and the 
minimum temperature necessary to improve the efficiency of an OPV device. This 
confirms that annealing a film above its glass transition temperature (for that 
particular blend composition) will permit molecules to undergo cooperative motion, 
forming a morphology that can promote efficient photocurrent generation.  
 
I have also identified a blend-ratio dependent optimum annealing temperature for 
efficient device operation. This has been correlated with excessive phase separation 
by PCBM, and the reduced ability of the blend thin-film to harvest sunlight. As the 
wt% of PCBM within the blend increases, the optimum temperature decreases, from 
170˚C to as low as 100˚C. Thermally annealing devices that contain a high weight 
fraction of PCBM apparently results in a reduction in operational efficiency; a result 
that may be particularly relevant in OPVs based on amorphous low energy band-gap 
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polymers in which large relative fractions of fullerenes are often used. This specific 
issue is partly addressed in the following chapter. The results demonstrate therefore 
that the optimum annealing temperature of an OPV device based on a 
polymer:fullerene blend is a function of the relative composition of the blend; an 
effect that is related to the phase transition properties of the film and in particular its 
glass transition temperature. This is an important observation, as it indicates that the 
characterisation of phase transitions in unexplored polymer-fullerene systems should 
be performed in parallel with device optimisation studies, with the glass-transition 
temperature of each particular polymer-fullerene blend film providing a strong 
indication of the minimum annealing temperature beyond which changes in device 
efficiency can be anticipated.  
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CHAPTER 7: CORRELATING PHASE 
BEHAVIOUR WITH OPTICAL AND 
ELECTRONIC PROPERTIES IN 
PCDTBT:PC70BM OPV DEVICES 
 
 
SECTION 7.1: INTRODUCTION 
 
In this chapter, the relationship between film nanostructure and opto-electronic 
properties for blends of poly[N-9!-heptadecanyl-2,7-carbazole-alt-5,5-(4!,7!-di-2-
thienyl-2!,1!,3!-benzothiadiazole) : [6,6]-phenyl-C71-butric acid methyl ester 
(PCDTBT:PC70BM) is investigated 
1. As discussed in chapter 2, section 2.6, 
PCDTBT is part of a new generation of materials that have been synthesised to 
improve the efficiency and operational stability of OPVs over previous blend systems 
(for example, P3HT:PCBM). In sections 7.2 & 7.3, PCDTBT and PCDTBT:PC70BM 
thin films are characterised using a variety of techniques to give an overview of this 
system. Whereas P3HT is a semi-crystalline polymer (thus capable of forming 
relatively pure nanodomains even in blend films), PCDTBT is relatively amorphous, 
with weak evidence of self-organisation only seen in pure PCDTBT thin films. Upon 
blending PCDTBT with PC70BM, the as-cast thin films are also largely amorphous, 
indicating a high degree of miscibility between the two materials. It is argued that 
such a morphology provides a partial rationalisation for photoluminescence (PL) 
measurements in which PCDTBT fluorescence is quenched more efficiently by 
PC70BM molecules relative to the fluorescence quenching that occurs in 
P3HT:PC70BM blends. Steady state PL measurements are used to estimate a solubility 
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limit for PC70BM in PCDTBT, by identifying a threshold concentration above which 
PC70BM molecules can form relatively pure nanodomains. Hole mobility 
measurements using the space-charge limited current (SCLC) technique show an 
increase in hole mobility in blend thin films with a greater PC70BM wt%, a result in 
qualitative agreement with other amorphous polymer:fullerene blends. Lastly, the 
influence of blend composition on the power conversion efficiency of OPVs is 
explored. OPVs with a peak power conversion efficiency of 4% are achieved for a 1:4 
(wt%) PCDTBT:PC70BM blend cast from CHCl3.  
 
In section 7.4 the effects of thermal annealing on the structure and electronic 
characteristics of PCDTBT:PC70BM thin films and devices are explored. The highest 
efficiency PCDTBT:PC70BM OPV devices reported in the literature have 
demonstrated that apparently optimised morphologies can be created in this system 
during the film casting process alone, without the need for any post-deposition 
treatment 2. Neutron Reflectivity (NR) experiments on as-cast PCDTBT:d-PCBM thin 
films with an optimised blend composition are presented to demonstrate that fullerene 
molecules are distributed with a concentration gradient through the depth of the thin 
film, with the surface being composed of almost pure d-PCBM. Such a vertical 
composition profile is highly fortuitous for conventional OPV architectures. By 
constructing a partial phase diagram for PCDTBT:PC70BM blends focusing on the 
glass transition temperature, of PCDTBT, the temperature is identified beyond which 
changes in film nanostructure (and consequently device efficiency) can be anticipated. 
It is shown that annealing protocols used for P3HT:PCBM OPVs lead to a reduction 
in device efficiency, with the onset approximately coincident with the Tg of the blend. 
Additionally thermal annealing decreases the mobility of holes within the blends and 
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reduces the glass transition temperature of the film, observations that provide a partial 
explanation for the reduced power conversion efficiency in OPVs. Grazing-incidence 
wide-angle X-ray scattering (GIWAXS) of pure PCDTBT thin films show that 
thermal annealing above Tg results in an increase in disorder in the material, a result 
that may explain the observed reduction in photovoltaic efficiency in blend thin film 
devices. The final part of this chapter, section 7.5, looks at the conditions under which 
PC70BM aggregation occurs. In-situ monitoring of PCDTBT:PC70BM blend thin films 
on silicon / native oxide during thermal annealing using spectroscopic ellipsometry 
(SE) show that a threshold temperature of 155°C is needed to induce PC70BM 
aggregation. This indicates that the morphology of PCDTBT:PC70BM blend thin 
films have an improved degree of thermal stability compared to blend films of 
P3HT:PCBM. However, coarse phase-separation driven by thermal annealing at 
temperatures at or above 155°C will further decrease the efficiency of photocurrent 
generation in this system.  
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SECTION 7.2:OPTICAL AND STRUCTURAL 
PROPERTIES OF PCDTBT THIN FILMS  
 
The chemical structure of PCDTBT is shown in Figure 7.1, alongside an AFM phase 
image (1 µm2) of the thin film surface & measurements of the optical density and 
photoluminescence. Here, as for all samples prepared for this chapter, the thin films 
are cast from CHCl3. In Figure 7.1(b), it can be seen that the structures present on the 
surface of the sample are at or below the size of the AFM tip (~7-10 nm). As will be 
shown from GIWAXS measurements, the absence of any domain-like structures in 
PCDTBT larger than several nm is a probable consequence of the amorphous nature 
of this polymer.   
 
In Figure 7.1(c), the optical density (O.D.) and photoluminescence (PL) spectra from 
pure PCDTBT are presented. The O.D. spectrum is characterised by two absorption 
bands, centred at 570 nm (!-!* absorption band of the first excited state S1) and 400 
nm (!-!* absorption band of the second excited state S2) 
3. These bands are thought to 
arise from the donor-acceptor nature of the polymer. Yi et al. 4 have demonstrated 
these bands may shift in energy for derivatives of PCDTBT, in which additional 
thiophene units have been included beside the TBT unit. Upon optical excitation of 
the polymer at either absorption band, a relative broad emission spectrum is 
measured, characterised by a peak centred at 690 nm.  
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Figure 7.1: (a) The chemical structure of the PCDTBT monomer. An AFM tapping-mode phase 
map of the surface of a PCDTBT thin film is presented in part (b). Here the scale bar 
corresponds to 250 nm. Steady-state optical density and photoluminescence spectra are 
presented in part (c).  
 
GIWAXS has been used to probe the nanoscale structure of as-cast PCDTBT thin 
films, with results presented in Figure 7.2. As can be seen from Figure 7.2(a), two 
broad rings are discernable in the scattering pattern. From Figure 7.2(b), it can be seen 
that in the in-plane direction these peaks are located at qx = 0.31 Å
-1 and 1.45 Å-1. 
These are attributed to the chain spacing between PCDTBT backbones along the alkyl 
!"#$ !%#$
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side-chains (20.3 Å) and the distance between planar !-stacked backbones (4.3 Å) 
respectively 5.  
Figure 7.2: (a) 2D GIWAXS scattering pattern from a pure PCDTBT thin film, collected with the 
sample facing 0.11° into the incident X-ray path. A line profile of the scattering pattern, taken along the 
in-plane (Qx) direction is presented in part (b). The region of low intensity at low Qx corresponds to the 
beam stop seen in part (a).   
 
!"#$
!%#$
! "#$!
This result is consistent with powder diffraction studies on this material 5a, which 
suggested that PCDTBT is largely amorphous. As can be seen from Figure 7.2(a) 
however, there is a weak preference for the polymer to stack ‘face-on’ with respect to 
the substrate, as the outermost ring (corresponding to the !-! stacking of PCDTBT 
chains) is most intense in the out-of-plane direction. This is in contrast to P3HT, 
which preferentially stacks ‘edge-on’ with respect to the substrate (i.e the !-! planes 
are orientated perpendicular to the substrate). Nevertheless, the coherence length (L) 
of PCDTBT in this sample is low. Using the relationship L = 2!/"q, where "q is the 
full-width-at-half-maximum (FWHM) of a scattering signal, values of 57 Å and 12 Å 
are obtained from the alkyl side group and !-! plane scattering signals respectively. 
This corresponds to approximately three times the inter-chain spacing along these 
directions. Such small length scales explain the absence of any resolvable features in 
the AFM data presented in Figure 7.1(b). 
 
SECTION 7.3: OPTICAL, STRUCTURAL AND 
ELECTRONIC PROPERTIES OF PCDTBT:PC70BM 
BLEND THIN FILMS 
 
In Figure 7.3, O.D. and AFM phase measurements are presented for blend films, the 
latter technique applied to blend films having a fullerene concentration of 20, 40, 60 
& 80 wt%.  
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Figure 7.3: (a) Absorption spectra of as-cast PCDTBT:PC70BM blend thin films as a function 
of PCDTBT wt%. In parts (b) to (e), AFM tapping-mode phase maps of the surface of as-cast 
blend thin films with PC70BM wt% of 20%, 40%, 60% & 80% respectively. The scale bar in all 
images corresponds to 250 nm.  
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From Figure 7.3(a), it can be seen that the absorption bands of PCDTBT do not 
undergo any significant shift in wavelength upon blending with PC70BM. The 
reduction in overall absorption as the concentration of PC70BM is increased in the 
film is consistent with the weak absorption strength of PC70BM relative to PCDTBT 
over the wavelength range measured 6. The observation that the absorption peaks of 
PCDTBT do not undergo any shift in energy suggests PC70BM has a negligible effect 
on the conformation or effective conjugation length of PCDTBT. This is in contrast to 
blends of P3HT:PCBM, where the data presented in chapters 4 to 6 and the Appendix 
(Figure A.1) has linked changes in the absorption spectrum to a disruption in the self 
organisation and effective conjugation length of P3HT.  
 
 
In Figure 7.3 parts (b) to (e), it can be seen that AFM measurements of the surfaces of 
the thin film blends show no evidence of phase separation (at least on the surface of 
the samples) over a length scale greater than ~10 nm. This clearly indicates the 
existence of a finely mixed morphology. Given the structure of the polymer and the 
results of empirical device studies to determine an optimised blend composition for 
PCDTBT:PC70BM OPVs, it is possible that fullerene concentrations below 50 wt%, 
the molecules are located between the alkyl side-groups of PCDTBT, thus forming a 
molecularly mixed phase. Cates et al. 7 and Mayer et al. 8 have demonstrated this type 
or organisation in blends of PBTTT:PCBM where molecular mixing is evidenced 
using GIWAXS through an increase in the spacing of adjacent polymer backbones.  
 
To determine whether the miscibility between PCDTBT and PC70BM can be inferred 
using an indirect probe, attention now turns to steady-state measurements of the 
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photoluminescence from blend thin films. In Figure 7.4, the relative 
photoluminescence intensity from a PCDTBT:PC70BM blend is presented as a 
function of PC70BM wt%. Here the data has been normalised against the emission 
intensity of a thin film of pure PCDTBT, to provide an estimate of the quenching 
efficiency of PC70BM molecules. Shown alongside this data are identical 
measurements recorded from RR-P3HT:PC70BM thin films. These samples were cast 
from CB solvent and not subject to any post-deposition treatment. It is apparent that 
PC70BM is a very efficient quencher of photogenerated excitons on PCDTBT, as 
emission from the polymer is quenched by 99% upon addition of only 9 wt% 
PC70BM. Identical measurements on RR-P3HT:PC70BM indicate that emission 
quenching in these samples is approximately an order of magnitude less efficient. It is 
possible that these results are consistent with the amorphous nature of 
PCDTBT:PC70BM blend thin films, which results from a high degree of miscibility, 
particularly at low PC70BM wt%. In contrast, the ability of RR-P3HT to undergo 
partial phase separation in a blend is likely to decrease the efficiency of exciton 
quenching.  
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Figure 7.4: Photoluminescence emission intensity from thin films of PCDTBT or RR-P3HT 
blended with PC70BM, as a function of wt% PC70BM. For each sample set the emission from 
each sample has been normalised to the emission from a pure polymer thin film.  
 
In Figure 7.5, PL spectra for PCDTBT/PC70BM blend thin films for each composition 
are presented. For clarity, the intensity of each spectra spectrum has been normalised 
to unity. Over the composition range 0 to 50 wt% PC70BM, it can be seen that 
emission from PCDTBT progressively blue-shifts as the wt% of PC70BM is increased. 
For blend thin films with a PC70BM fraction above 50 wt%, emission at 710 nm is 
detectable & is identified as singlet emission from the fullerene 9. This suggests that at 
such high concentrations, a fraction of photogenerated excitons residing on PC70BM 
cannot diffuse to a PCDTBT molecule within their lifetime to undergo dissociation. 
This suggests that over this composition range, PC70BM domains are formed whose 
size must be commensurate with the exciton diffusion length in PC70BM (a lower 
bound for the exciton diffusion length in PCBM has been estimated as 5 nm 10). This 
observation is consistent with empirical device studies that demonstrate that in this 
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blend system, a PC70BM wt% of at least 50% is needed to allow the formation of 
pure, interconnected, fullerene domains that permit the efficient extraction of 
photogenerated charge 11.  
 
Figure 7.5: Photoluminescence spectra from PCDTBT(wt%):PC70BM blend thin films, shown 
for PCDTBT wt% between 100 & 0%. All spectra were obtained after film excitation at 400 
nm.  
 
It can be seen that there is only a relatively small shift (710 to 705 nm) in singlet 
emission wavelength from PC70BM as the PCDTBT wt% in the film is increased. 
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This suggests that relatively pure nanodomains of the fullerene are formed. In contrast 
however, there is a significant (690 up to 650 nm) shift in emission wavelength from 
PCDTBT upon addition of PC70BM. This may result from the close proximity 
between donor and acceptor materials. Etzold et al. 3a also noted a blue-shift in 
emission energy from PCDTBT between pure and blend thin films, the latter 
containing 66 wt% PCBM.  It is possible that the measurements here and in ref [1a] 
are consistent with fullerene molecules disrupting the energetic migration of excitons 
within the PCDTBT density of states.   
 
The role of the blend morphology on hole mobility, µh, was investigated using the 
device architecture ITO/PEDOT:PSS/active layer/Au. The hole mobility is estimated 
at room temperature using space-charge limited current (SCLC) measurements as 
outlined in chapter 2, section 2.4. In Figure 7.6(a), µh in a PCDTBT:PC70BM blend as 
a function of PC70BM concentration is presented. This data was obtained by fitting 
the dark-current measurements over the range 5 < V < 9 to the SCLC model. Here the 
effective bias is calculated by subtracting the built-in voltage1 across the device from 
the applied bias. It can be seen that µh increases with increasing wt% of PC70BM. 
Indeed, an almost 9-fold increase in µh in a 1:4 wt% PCDTBT:PC70BM blend is 
measured compared to the hole mobility in pure PCDTBT, increasing from 4x10-6 
cm2/Vs to 3.5x10-5 cm2/Vs. This trend is in qualitative agreement with the findings of 
Cates et al. 13 who measured µh by SCLC methods for a number of amorphous 
polymer: functionalized fullerene blends, with an increase of up to 103 in µh measured 
for a number of amorphous polymer:fullerene systems relative to unblended polymer 
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control devices. It was suggested that molecular mixing between fullerene molecules 
and polymer side-groups inhibited the coiling of the polymer chains and thus 
increased their effective conjugation length and thereby increased µh. 
 
Figure 7.6: (a) Hole mobility for PCDTBT:PC70BM blend Au top-contact devices, as a function 
of PC70BM wt%. These values are extracted from the dark-current measurements presented in 
(b). The thickness of each blend is given in parenthesis. The average hole mobility obtained for 
devices with different active layer thicknesses, for a number of semiconducting layer 
compositions, is shown in part (c).  
 
Clearly a significantly smaller increase in µh is observed here on blending PCDTBT 
with PC70BM than was observed on the systems explored by Cates et al. From the 
results presented in Figure 7.3 it is apparent that mixing PCDTBT with PC70BM does 
not result in any significant modification in the structure of the absorption spectrum of 
(a) (b) 
(c) 
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the polymer. This may indicate that changes in the conformation of the polymer are 
relatively limited. Hole mobilities as high as 10-3 cm2/Vs have been reported for 
PCDTBT with a Mw of 28kDa (comparable to the 31kDa Mw PCDTBT used here) in 
an OFET device architecture 14. This is in contrast to the polymers studied by Cates et 
al. (for example, MDMO-PPV) that had hole mobilities of the order of 10-7 cm2/Vs. It 
is possible therefore that the small improvement in µh measured here is due to 
PCDTBT already being a good hole transporter, relative to other amorphous 
polymers. 
 
A series of photovoltaic devices were fabricated to determine an efficient blend 
composition for device application using the batch of PCDTBT available for this 
research project. From the literature, all OPV studies have focused on blends 
containing a wt% excess of PC70BM. As noted, the relatively large separation 
between adjacent side groups on the backbone of PCDTBT is likely to permit 
fullerene molecules to mix at a molecular level with PCDTBT. Hence a threshold 
amount of PC70BM is required to provide a percolated network for electron transport 
towards the cathode in a practical OPV. In Figure 7.7(a), current voltage (JV) 
characteristics are presented for PCDTBT OPVs using either PCBM or PC70BM as 
acceptor. Figure 7.7(b) shows JV characteristics as a function of PC70BM acceptor 
concentration. Device metrics are presented in the accompanying table. Note that the 
use of post-deposition heat treatments are explored in Section 7.4 of this chapter. 
Here, all OPVs are as-cast and unannealed.  
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Figure 7.7: Current density-voltage characteristics of PCDTBT:acceptor (1:4 wt%) OPVs using 
either PCBM or PC70BM as the acceptor (a), or PCDTBT:PC70BM OPVs with varying wt% of 
PC70BM (b). Average device metrics are presented in the table, with the uncertainty in PCE 
representing the standard deviation in efficiencies across 6 devices. The thickness of each active 
layer (± 4nm) is given in parenthesis.  
 
From Figure 7.7(a), it can be seen that the substitution of PCBM for PC70BM leads to 
an improvement in device efficiency, principally through an increase in short-circuit 
current density. This is consistent with the greater optical density of PC70BM 
compared to PCBM over the visible wavelength region; an effect that compensates 
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for the relatively low absorption density of PCDTBT over the wavelength range 420 
to 520 nm (see Figure 7.3(a)).  
 
To test the effect of film composition on device performance, OPVs with a PC70BM 
wt% ranging from 50 to 80% were fabricated. Owing to the relatively low fill-factor 
of the 1:4 wt% OPV with an active layer thickness of (87 ± 4 nm) (49%), thinner 
active layers were used (70 ± 4 nm) in an attempt to improve the efficiency of charge 
extraction. For an OPV with a blend composition of 1:4 wt% PCDTBT:PC70BM, a 
PCE of 3.8 ± 0.2 % was achieved with an active layer thickness of 70 nm. The 
improvement in Fill-Factor with increasing PC70BM wt% over the range investigated 
in consistent with an increase in electron mobility and reduction in bimolecular 
recombination. Note however that the optimum film composition used here (80 wt% 
PC70BM) is in slight excess of other studies to have used CHCl3 as the casting solvent 
(a wt% closer to 67% is most often used). However, studies by Alem et al. 15 & Park 
et al. 11a noted that domains ~50 to 100 nm in size were apparent on the surface of the 
blend thin films studied, as inferred from phase measurements obtained by tapping 
mode AFM. Alem et al. correlated an increase in apparent domain size with 
increasing PC70BM wt% in the blend and tentatively identified such features as being 
fullerene domains. Such features are not however observed in the samples explored 
here (as shown earlier in Figure 7.3). Since the solubility of fullerenes is relatively 
low in chloroform relative to other solvents commonly used in OPV processing (for 
example, chlorobenzene, dichlorobenzene or trichlorobenzene) 16, the blend solutions 
I have used here may be prone to aggregation and are consequently unstable over long 
periods of storage at ambient conditions. Variations in solution preparation conditions 
between this work and others may therefore explain any differences obtained.  
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SECTION 7.4: INFLUENCE OF THERMAL ANENALING 
ON FILM NANOSTRUCTURE AND PHOTOVOLTAIC 
PROPERTIES OF PCDTBT:PC70BM BLENDS 
 
From the previous section it is apparent that relatively efficient OPVs can be prepared 
without the need for further post-deposition treatment. This is a remarkable 
characteristic of this blend system, as films cast from CHCl3 dry in only a few 
seconds. This is in contrast to the P3HT:PCBM system, where device PCEs of 
roughly 1% were obtained for as-cast devices, as shown in previous chapters. To 
provide some insight into why PCDTBT:PC70BM blends form efficient morphologies 
simply through the casting process alone, I have participated in a study of blend thin 
films using neutron reflectivity (NR) 5b. As with the study on P3HT:PCBM blend thin 
films using this technique, the fullerene is substituted for deuterated PCBM (d-
PCBM) to increase its contrast against the polymer. Here, a 1:4 (wt%) PCDTBT:d-
PCBM blend thin film cast from CHCl3 was studied. A summary of the data is 
presented in Figure 7.8.  
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Figure 7.8: Part (a) shows the modelled scattering length density profile for a 1:4 (wt%) 
PCDTBT:d-PCBM film cast from CHCl3 on PEDOT:PSS. The profile has been acquired by 
fitting neutron reflectivity measurements from the sample with a gradient interface model. An 
expanded view is provided in part (b). The measurements and analysis were undertaken by 
Andy Parnell on samples prepared by myself. Here, the annealing protocol was 70°C for 60 
minutes. 
 
As can be seen, the profile of scattering length density versus film depth shows an 
enrichment in fullerene concentration at the free surface of the film, with the 
concentration of d-PCBM decreasing in an almost linear fashion towards the 
(b) 
(a) 
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PEDOT:PSS interface. Note that this profile differs substantially from the vertical 
composition of an optimised P3HT:PCBM blend thin film, where the best-fit to the 
neutron reflectivity data suggested a uniform distribution of d-PCBM throughout the 
entire depth of the film 17. It is important to recognise that differences in film 
thickness, volume concentration of d-PCBM and interaction energies between the 
polymers and the substrate may explain the differences between the composition 
profiles for the different blend systems. It is not known therefore, whether a vertical 
gradient of PCBM can be achieved in P3HT:PCBM blends when the wt% of PCBM 
is in excess of P3HT, or if the gradient in PCDTBT:PCBM blend thin films is 
retained if the thickness of the film is increased or if it is deposited onto a different 
substrate. More work is required to answer these questions and possible experiments 
are considered in chapter 9. Nevertheless the data presented in Figure 7.8 suggests 
that the vertical distribution of fullerene molecules in as-cast PCDTBT:PCBM blend 
thin films with an optimised composition is highly advantageous for OPVs using a 
conventional device architecture. The high (> 50 vol%) acceptor content throughout 
the film will enable efficient dissociation of excitons generated on PCDTBT chains, 
whilst the enrichment of d-PCBM at the surface will facilitate the extraction of 
electrons and act as a hole blocking layer. 
 
Figure 7.8 also shows the modeled d-PCBM vertical composition of the film when 
subject to a post deposition thermal treatment at 70°C for 60 minutes. This annealing 
protocol represents the only annealing step reported in the literature to date for high 
efficiency PCDTBT:PC70BM OPVs 
11a and provides a suitable starting point to 
understanding the effects of thermal annealing on this system. As can be seen, the 
vertical distribution of d-PCBM for the heated samples is qualitatively unchanged 
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compared to the control, with a similarly board interface with PEDOT:PSS and a 
relatively smooth surface. The absence of any significant changes in vertical 
composition is not a particularly surprising observation as the Tg for pure PCDTBT, 
as reported in the literature 5a or as reported later in this chapter, is in the region of 
120 to 130°C. For this reason it is difficult for d-PCBM molecules to diffuse and 
aggregate when the film is heated to 70°C, because at this temperature the PCDTBT 
phase forms a relatively rigid polymer matrix.  
 
To determine the phase behaviour of this system, particularly the Tg of PCDTBT in a 
blend, a number of PCDTBT:PC70BM blend thin films cast from CHCl3 were 
monitored using SE during a first heating cycle. In Figure 7.9, the modeled blend film 
thicknesses as a function of PC70BM wt% are plotted during heating (part (a)) and 
cooling (part (b)) with the extracted Tg values as a function of PC70BM wt% presented 
in part (c). It can be seen that for all film compositions, a reduction in film expansion 
rate occurs around 70 to 75°C. This temperature range is above the boiling point, Te, 
of CHCl3 (62°C). It is likely therefore that the reduction in film expansion rate is due 
to the effects of solvent evaporation. Note that in this case solvent loss occurs once 
the film temperature exceeds the solvent boiling point. This is in contrast to blends of 
P3HT:PCBM, where from chapters 5 and 6 it was found that solvent loss occurs 
below Te by heating a sample to a temperature which exceeds the Tg of the blend.  
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Figure 7.9: (a) Normalised thickness changes versus sample temperature for a number of 
PCDTBT:PC70BM (wt%:wt%) blend thin films during the first heating cycle (part (a)) and first 
cooling cycle (part (b)). For all samples the heating / cooling rate was 5°C/min. The Tg and 
onset for solvent loss for each film are marked by the intersection of the linear fits to the data. In 
part (c) the blend Tg (s) are presented as a function of PC70BM wt%. Also shown is the 
estimated temperature for solvent loss.  
 
(a) (b) 
(c) 
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From Figure 7.9, it can be seen that the Tg of the PCDTBT used in this investigation is 
relatively insensitive to blend composition and any variations are mostly within 
uncertainty limits. At 80 wt% PC70BM the Tg of the polymer is 135°C compared to 
the pure material (130°C). From chapter 6 section 6.3, the relative increase in Tg 
observed when P3HT is blended with PCBM was attributed to the fullerene molecules 
acting as an anti-plasticiser for the polymer, thereby increasing the cohesive 
interactions between materials in the film. In blends of PCDTBT:PC70BM, such 
behaviour is not apparent. Similar results have been reported in blends of 
F8TBT:PCBM 18 (F8TBT is almost identical in structure to PCDTBT with the 
exception that a carbon atom replaces the nitrogen atom and the carbazole unit thus 
becomes fluorinated). The authors attributed the relative insensitivity of F8TBT Tg 
with blend composition [only varying from 110°C to 100°C as the PCBM loading 
was increased from 0 to 80 wt%] to its good miscibility with PCBM. In 
PCDTBT:PC70BM blend thin films, the insensitivity of Tg to film composition is also 
true for thin films cast from a DCB solvent, and for films cast onto a PEDOT:PSS 
coated substrate 1. For these samples however there are deviations in the value of Tg, 
compared to samples cast from CHCl3, suggesting that PCDTBT chains may form a 
different molecular conformation whilst in DCB solution (for example, a more open 
configuration), or arrange themselves differently at the sample/substrate interface. 
Upon cooling, it is apparent that the measured Tg for films of pure PCDTBT and 
PCDTBT:PC70BM blends is reduced to approximately 110 to 115°C. As will be 
discussed later in this section, the insensitivity between blend Tg and fullerene 
concentration provides an indirect probe of blend film nanostructure for samples to 
have undergone thermal annealing.  
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In chapter 6, DMTA measurements of P3HT:PCBM films are referred to, in which 
thermal transitions related to PCBM could be measured when the fullerene 
concentration in the film exceeded 60 wt%. Here some of the thermal transitions of 
PC70BM are explored. Figure 7.10 shows the thermal expansion of a 110 nm thick 
film of pure PC70BM cast from CHCl3 onto a silicon / native oxide substrate. It can be 
seen that two transitions are detectable during the first heating cycle and occur at 
112°C and 152°C.  
 
Figure 7.10: Thickness evolution of a pure PC70BM thin film cast from CHCl3 during first 
heating and first cooling cycles. The rate for each ramp was 5°C/min. Orange markers provide a 
guide to the eye of the thermal expansion or contraction rate of the sample, the intersections of 
which correspond to thermal transitions.  
 
It is apparent that the lower temperature transition observed at 112°C is non-
reversible. As PCBM is known to be hygroscopic, this feature may originate from the 
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removal of trapped moisture 19. The higher temperature thermal transition (152°C) is 
however reversible, and is observed during first heating and first cooling cycles. The 
melting temperature of PC70BM is known to exist above 250°C 
19, suggesting the 
thermal transition at 152ºC is a solid-solid transition. Note that a transition at around 
155°C has also been observed in P3HT:PCBM blend films using dynamic mechanical 
thermal analysis 19. In Figure 7.9(b) a transition in this temperature range is not 
observed in any of the spectroscopic ellipsometry experiments performed on the 
blends. The apparent absence of this transition again supports the proposition that as-
cast films of PCDTBT and the PC70BM are relatively intimately mixed. Note 
however, at high PC70BM loadings, (above 50 wt%) PC70BM nanodomains are 
expected to form (see Figure 7.5 and the related discussion), thereby facilitating 
efficient electron transport in optimised PCDTBT:PC70BM OPVs as demonstrated in 
Figure 7.7. It appears however that in PCDTBT:PC70BM blends such nanodomains 
are sufficiently small that the solid-solid transition at 152°C is suppressed.  
 
It is apparent from the previous discussion, and from the results presented in chapters 
5 & 6, that significant changes in active layer morphology are unlikely to be 
anticipated in PCDTBT:PC70BM blend thin films subject to a thermal anneal at a 
temperature below the Tg of the polymer (~120°C). However, application of a thermal 
anneal at a temperature above the boiling point of CHCl3 may permit any solvent 
trapped in the thin films during casting to evaporate. To explore the influence of 
thermal annealing on PCDTBT:PC70BM OPVs, devices were thermally annealed for 
30 minutes at temperatures ranging from 70°C to 180°C. The results are presented in 
Figure 7.11. The weight fraction of PC70BM in the active layer was varied from 50 to 
80% and the film thickness was kept constant at 70 nm. As can be seen from Figure 
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7.11, annealing close to or above the Tg of the blend decreases the PCE relative to 
unannealed controls. For OPVs annealed at 70°C, any improvements are within 
measured spread of device efficiencies measured. It appears therefore that a thermal 
treatment at 70°C applied to PCDTBT:PC70BM OPVs prepared form CHCl3 solution 
can only result in a minor improvement in efficiency at best. 
 
Figure 7.11: (a) Power conversion efficiency of PCDTBT:PC70BM (wt%) OPVs as a function 
of annealing temperature. Typical current density-voltage measurements are presented in part 
(b) to provide an example of how thermal annealing reduces device efficiency. Here the active 
layer composition for all devices is 1:4 wt%. Parts (c) and (d) show the average fill-factor and 
short-circuit current densities of all devices as a function of annealing temperature, normalised 
to the values measured for the unannealed devices. 
!"#$ !%#$
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The relative changes in Jsc and FF of devices to have undergone thermal annealing 
are presented in Figure 7.11 parts (c) and (d) respectively. It is apparent that the data 
in Figure 7.11(a) masks differences between the different active layer compositions 
and the cause for lower PCEs. For example, devices with 80 wt % PC70BM in the 
active layer undergo the largest relative reduction in FF but the smallest relative 
reduction in JSC upon annealing, compared to unannealed controls.  
 
To further explore the electrical characteristics of thermally annealed 
PCDTBT:PC70BM blends, devices having a Au top electrode were measured under 
the SCLC regime, following the method described in section 7.3. As shown from 
Figure 7.12, µh decreases for samples annealed at or above 120°C for 30 minutes. It 
appears therefore that one explanation for the reduction in OPV power conversion 
efficiency seen in Figure 7.11(a) results from a reduction in hole mobility within the 
active semiconducting layer of the devices.  
! "#$!
 
Figure 7.12: Hole mobility for PCDTBT:PC70BM blend Au cathode devices, as a function of 
device annealing temperature.  
 
My studies on P3HT:PCBM blend OPVs in chapter 6, section 6.4, correlated a 
reduction in PCE due to thermal annealing with a combination of coarse phase 
separation by PCBM and a reduction in the effective conjugation length (inferred 
from absorption measurements) of P3HT. Given the relatively high loading of 
PC70BM in the OPVs studied in this chapter, it is possible that coarse phase separation 
of PCBM may occur in OPVs annealed above the Tg of PCDTBT. However that this 
is not the case. Tapping-mode AFM phase images, taken from measurements of the 
surface of the blend thin films deposited onto PEDOT:PSS, are presented in Figure 
7.13. It can bee seen that there is no evidence for large-scale fullerene aggregation, 
even after annealing at 180°C for 30 minutes. Note however that coarse phase 
separation can result from extended thermal annealing at lower temperatures for blend 
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thin films deposited onto silicon/native oxide substrates, as will be shown in the next 
section.  
 
Figure 7:13: Tapping mode AFM phase images (1 µm2) of PCDTBT:PC70BM blend thin films 
left as-cast (left column) or after annealing at 180°C for 30 minutes (right column). The film 
compositions are 1:1 wt% (parts (a) and (b)), 1:2 wt% (parts (c) and (d)), 1:4 wt% (parts (e) and 
(f)). The scale bar in all images corresponds to 250 nm.  
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To identify a mechanism for the reduction in hole mobility in annealed 
PCDTBT:PC70BM blend thin films, the nanoscale structure of annealed PCDTBT thin 
films was studied using GIWAXS Specifically, the FWMH of the scattering ring at qz 
= 1.57Å-1 (corresponding to scatter from the !-! stacking plane of the polymer, as 
shown in Figure 7.2) was used to calculate the coherence length of PCDTBT in thin 
films annealed at temperatures up to 250°C. The results are presented in Figure 7.14.  
 
Figure 7.14: Coherence length of PCDTBT chains along the !-! stacking plane. Samples were 
measured after annealing at various temperatures for 30 minutes. Coherence length values were 
calculated from a line profile of a 2D GIWAXS image taken along an out-of-plane (normal to 
the substrate) direction.  
 
As can be seen, a small increase in coherence occurs after annealing PCDTBT to 
70°C. As this temperature is above the boiling point of the casting solvent used, it is 
possible that volume relaxation due to residual solvent loss explains this change. For 
PCDTBT thin films annealed at or above a temperature of 100°C the coherence 
length is reduced relative to the unannealed control. Similar results have been 
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reported by Beiley et al. 20 who studied a higher molecular weight batch of PCDTBT 
(120 kDa compared to the 33 kDa material used in this study). Both results suggest 
therefore that thermal annealing increases disorder in PCDTBT thin films. It is 
important to recognise however that both studies have examined thin films of pure 
PCDTBT, and thus the influence of PC70BM in encouraging or inhibiting 
conformational changes in PCDTBT remains unknown. However, from Figure 7.9(b) 
it was shown that the Tg of PCDTBT in a blend film is reduced after heating, a result 
also found for a film of the pure polymer. Wang et al. 21 have shown that for thin 
films of PCDTBT (below 80 nm) a depression in Tg relative to the bulk Tg value 
occurs. This observation was correlated with an increase in the relative volume 
fraction of a disordered surface layer as the film thickness was reduced. Thus the 
reduction in blend Tg upon annealing suggests a more disordered polymer phase in the 
blend films, behaviour which is not strongly influenced by PC70BM concentration. 
This link may help to explain the decrease in hole mobility and power conversion 
efficiency measured for OPV devices as discussed previously.  
 
SECTION 7.5 DETERMINING THE ONSET OF PC70BM 
AGGREGATION IN PCDTBT:PC70BM BLEND THIN FILMS 
 
From Figure 7.13 it is apparent that the morphology of the PCDTBT:PC70BM blends 
show a relatively high degree of thermal stability – the coarse phase separation (as 
seen in P3HT:PCBM blend thin films) is apparently suppressed in the samples 
measured here. To explore the conditions under which the aggregation of PC70BM 
can occur, a combination of SE & GIWAXS was used to characterise thermally 
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annealed PCDTBT:PC70BM blends; the results of which form the final part of this 
chapter.  
 
Figure 7.15 shows the change in thickness of a PCDTBT:PC70BM 1:4 wt% blend film 
determined using spectroscopic ellipsometry as a function of time during a thermal 
ramp from 25°C (a heating rate of 90°C/min was used here), and an isothermal soak. 
The normalised thickness is calculated in an identical manner to that used in Figure 
4.10, where h & h0 are the modeled thickness of the sample at a time t & t0 
respectively. Data is plotted for three different isothermal soak temperatures (130, 150 
and 155°C), with part (a) focusing on the first 300s of the experiment, whilst part (b) 
plotting data recorded over the duration of the entire experiment (3,750s). Here, the 
return to room temperature can be seen at the end of the experiment. It can be seen in 
part (a) that the film undergoes a period of contraction in thickness after t = 25s, 
corresponding to a temperature of 63°C; a temperature coincident with the boiling 
point of CHCl3. During the isothermal soak, a slow reduction in the overall thickness 
of the film can be seen. This process has also been observed in P3HT:PCBM blend 
thin films as shown in section 5.2 Figure 5.2, and was ascribed to the process of 
volume relaxation. This process concludes when the system reaches an equilibrium 
state. It is apparent that the reduction of film thickness is initially relatively rapid, but 
then slows with a pseudo-plateau being reached. The time required to reach this 
pseudo-plateau is dependent on the annealing temperature and occurs more rapidly as 
the temperature is raised. 
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Figure 7.15: Thermal expansion changes for PCDTBT:PC70BM (1:4 wt%) thin films during 
heating, isothermal annealing at 130°C, 150°C or 155°C and cooling. For all samples the 
heating rate was 90°C/min. The relative reduction in films thickness due to residual solvent loss 
is highlighted in part (a). Dashed lines in part (b) are a guide to the eye.  
 
Turning to Figure 7.15(b), it can be seen that when the PCDTBT:PC70BM blend film 
is annealed at 130 or 150°C, the pseudo-plateau that is established exists for the entire 
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duration of the annealing process. In contrast however, when a film is annealed at 
155°C, there is an additional reduction in film thickness that occurs at a time t > 
2,100s. The measurements on P3HT:PCBM blends in chapter 5, section 5.2, 
demonstrated that this reduction in thickness was correlated with the coarse phase-
separation of P3HT and PCBM. In particular, it was argued that the depletion of 
material from the bulk combined with the formation of micron-sized crystallites 
reduces the average film thickness and increases film roughness. As will be discussed, 
a very similar process occurs here. In Figure 7.16, a series of optical microscopy 
images of PCDTBT:PC70BM blend films are presented. In part (a) the micrograph 
corresponds to an as-cast thin film, whilst parts (b), (c) and (d) show a similar film 
annealed at 130, 155 and 200°C for one hour respectively. It can be seen in Figure 
4.16(b) that when films have been annealed at 130°C and cooled to room temperature, 
no apparent structure is observed (although structure may well be present at a length-
scale below the resolution of the optical microscope). When however, the film is 
annealed at 155°C (Figure 4.16(c)), structures (assumed to be PC70BM crystallites) 
are visible. Such structure becomes significantly coarser when films are annealed at 
200°C (see Figure 4.16(d)). The correlation of the appearance of crystallisation in a 
film annealed at 155°C for one hour with the reduction in thickness shown in Figure 
7.15(b) suggests that the onset temperature for this process is the solid-solid transition 
of PC70BM determined via ellipsometry as shown in Figure 7.14(b). This solid-solid 
transition at roughly 155°C is likely to be the cold-crystallisation temperature of 
PC70BM in the blends, suggesting that the cold-crystallisation of PC70BM facilitates 
phase separation in the blends.  
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Figure 7.16: Optical micrographs of PCDTBT:PC70BM (1:4 wt%) blend thin films cast on 
silicon/native oxide substrates left as-cast (a), or after thermal annealing at 130°C (b), 155°C (c) 
or 200°C (d) for one hour. The scale bar represents 20 µm. 
 
To complement the ellipsometry studies, GIWAXS has been used to probe ex-situ 
changes in sample nanostructure that occur due to thermal annealing for a 
PCDTBT:PC70BM (1:4) wt% blend thin film cast onto silicon/native oxide. These 
results are presented in Figure 7.17. In part (a), the scattering pattern for an as-cast 
film is shown. It can be seen that three distinct scattering rings are visible, having qx 
values of 0.67, 1.36, and 2.0 Å-1. These broad, diffuse rings suggest the presence of 
amorphous (nanoscale) PC70BM domains 
5b.  
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Figure 7.17: 2D-GIWAXS images of PCDTBT:PC70BM (1:4 wt%) thin films cast onto silicon / 
native oxide substrates. Part (a) represents an as-cast film, with later parts corresponding to 
samples after thermal annealing at 70°C for 1 hr (b), 130°C for 1 hr (c), 155°C for 30 minutes 
(d), 155°C for 1 hr (e) and 200°C for 1 hr (f).  
 
In Figure 7.17 parts (b), (c) and (d) scattering patterns for similar films that have been 
annealed at 70°C and 130ºC for 1 hour, or 155°C for 30 minutes respectively are 
presented. In all cases the three rings remain relatively unchanged, indicating the 
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distribution of amorphous PC70BM domains has not been changed significantly by the 
thermal treatments. To quantify this, Scherrer’s equation 22 (using a pre-factor of 0.9) 
is used to estimate the relative changes in the size of PC70BM nanodomains in the 
blend thin film, using the full-width-at-half-maximum (FWHM) of the ring at q = 
1.36 Å-1. From the data presented in Figure 7.17, a characteristic length scale for 
PC70BM nano-domains of 4.2 nm in the as-cast film and 4.6 nm in the films annealed 
at 130°C for 1 hour or 155°C for 30 minutes is obtained. This suggests that only a 
small increase (~10%) in size of the PC70BM domains occurs after these thermal 
treatments. 
 
In Figure 7.17(e) the scattering pattern of a blend film annealed at 155°C for 1 hour is 
presented. Here, a number of sharp rings are apparent that are identified as originating 
from polycrystalline PC70BM. The number and relative intensity of the rings increases 
for a blend film annealed at 200ºC for 1 hour as shown in Figure 7.17(f). These 
observations are again consistent with the SE and optical microscopy data, fully 
supporting the notion that partial crystallisation of PC70BM only occurs when the film 
is annealed under these particular conditions.  
 
From chapter 5, section 5.2, it was demonstrated that for a P3HT:PCBM blend (60:40 
wt%) thin film annealed at 150°C, coarse phase-separation and crystallization of 
PCBM occurred after t = 1000s. From the SE data presented here, which is 
complimented by optical microscopy and GIWAXS measurements, it is apparent that 
coarse phase separation only occurs after a much longer anneal time (~2,100 s) and at 
a higher temperature. This may result from differences in the miscibility or diffusion 
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kinetics between P3HT and PCDTBT with PCBM or PC70BM. It is important to also 
note that the glass transition temperature of P3HT (~50°C) in a blend film is at a 
much lower temperature relative to the isothermal annealing temperature used in the 
experiment (150°C) than the Tg of PCDTBT which is 130°C). It is therefore possible 
that when annealing a polymer:fullerene blend film at 150°C, P3HT chains may have 
a greater thermally-activated mobility than do PCDTBT chains, thus fullerene 
molecules diffuse more rapidly through the polymer matrix. Nevertheless, the delay in 
phase-separation and crystallisation of PC70BM in PCDTBT is a further manifestation 
of a blend system that is thermally stable at temperatures in excess of that which 
would be experienced during the practical operation of an OPV cell.  
 
SECTION 7.6: CONCLUSIONS 
 
In this chapter I have explored some of the optical and structural properties of the 
polymer PCDTBT and its blends with PC70BM in a thin film geometry. In contrast to 
blends of P3HT:PCBM which have been the focus of previous chapters, blends of 
PCDTBT:PC70BM are apparently more efficient in photocurrent generation when 
devices are not subject to post deposition thermal treatments. From neutron 
reflectivity studies it was shown that optimised thin films exhibit an essentially ideal 
vertical distribution of acceptor material. Measurements of the relative 
photoluminescence emission from blends of different PC70BM wt% showed that the 
quenching of emission from the polymer was significantly greater than in blends of 
P3HT:PCBM and, in another distinction to this system, photoluminescence emission 
from the fullerene and not the polymer is a small loss mechanism in optimised OPVs. 
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An important finding discussed in chapter 6 was how the apparent Tg of a 
P3HT:PCBM blend film during first heating provided a strong indication of the 
thermal annealing temperatures required to modify film structure. Whereas the Tg of 
P3HT was found to be sensitive to PCBM content, here the Tg of PCTDBT remains 
relatively stable, even at 80wt% PC70BM, a finding that is also a further manifestation 
of the high degree of miscibility between these materials. Exceeding the Tg of a blend 
during a thermal annealing process is found to reduce hole mobility within the active 
layer of a device; an effect that is correlated with the onset of increased disorder in 
thermally annealed thin films of pure PCDTBT. Thus annealing protocols designed 
for P3HT:PCBM blends are not apparently applicable in PCDTBT:PC70BM blends, 
however annealing above the boiling point of the casting solvent (for thin films cast 
from CHCl3) but below Tg may offer a marginal benefit. Although thermal annealing 
has been shown to negatively impact upon device performance, the measurements 
have shown that the PCDTBT:PC70BM blends have thermal stability beyond that of 
optimised P3HT:PCBM systems. It is likely therefore that the relative ease with 
which high efficiencies can be achieved, in addition to the enhanced morphological 
stability will make PCDTBT:PC70BM blends a promising system with which to 
explore the scale up of organic photovoltaics.  
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CHAPTER 8: IMAGING THE 
NANOSCALE MORPHOLOGY OF 
SOLAR CELL BLENDS USING 
HELIUM ION MICROSCOPY 
 
SECTION 8.1: INTRODUCTION 
 
In this chapter the use of Helium Ion Microscopy (HeIM) is evaluated for imaging the 
nanoscale structures present in bulk-heterojunction organic photovoltaic blend thin 
films 
1
. As discussed in chapter 2 section 2.6, bulk-heterojunction thin films have 
been commonly described with the aid of cartoons depicting an interpenetrating 
network between donor and acceptor materials. In early OPV research these 
polymer:fullerene blends networks could be resolved with relative clarity as the 
length scale for phase separation was far greater than the resolution of the imaging 
technique 
2
. However, the realisation and confirmation that optimised networks must 
be on a length scale commensurate with the exciton diffusion length in the materials 
used has led to only a few high-resolution microscopy techniques being adequate to 
image the structures present 
3
. To resolve structure in organic semiconductor thin film 
blends at a length-scale of ~10 nm is a technical challenge, however such information 
may assist the development of bulk heterojunction (BHJ) OPVs having improved 
efficiency. !
 
In this work, it is demonstrated that HeIM can be used to map the nanoscale 
distribution of materials in a thin film of a P3HT:PCBM blend. It is also shown that 
! ""#!
buried structures within the film are accessible by using a plasma treatment to 
selectively remove surface material. Section 8.2 considers whether contrast variations 
in the images obtained from the HeIM reflect the probable chemical structure of a 
sample, or whether other factors adversely influence the measurement. Here the test 
sample is a blend thin film of P3HT:PCBM, subject to a thermal anneal prior to 
measurement. Additionally, blend thin films subject to different processing routes and 
films of the pure components are used as controls. It is shown that the apparent 
structures observed from the annealed blend sample are not seen in any of the control 
films. Also, the lack of correlation between surface topography and secondary 
electron yield suggest that the HeIM is capable of imaging the nanoscale variations in 
chemical structure (i.e. differentiating P3HT from PCBM). 
 
Section 8.3 looks at the information that can be obtained quantitatively regarding a 
sample using HeIM. Although it is relatively straightforward to calculate the spatial 
periodicities present in an image, the nature of the blend samples do not allow an 
unambiguous measurement of the PCBM domain size to be calculated. Nevertheless, 
a conservative estimate of the PCBM domain size is in good agreement with X-ray 
scattering studies on this system. Overall the study suggests that HeIM is a promising 
instrument to compliment other techniques that can be used to characterise structure 
in conjugated polymer:fullerene blend thin films.  
 
HeIM images were taken by Dr Stuart Boden at the University of Southampton on 
samples prepared by myself. AFM measurements and analysis of the HeIM data was 
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carried out by myself. I am grateful to Dr Cornealia Rodenburg for imaging my 
samples using SEM, as presented in section 8.3. 
 
SECTION 8.2: IDENTIFYING THE ORIGIN OF 
CONTRAST IN HEIM IMAGES 
 
As discussed in chapter 3, section 3.4.6, the HeIM can produce an image via 
generating secondary electron emission from a sample surface, generated due to the 
impact of He ions. The escape depth of secondary electrons is estimated to be ~ 3nm 
for the samples investigated here 
4
. The secondary electron emission from thin films 
of as-cast P3HT and PCBM is considered first. In Figure 8.1, a 1500 x 1500 nm
2
 
HeIM scan of pure P3HT (part (a)) and PCBM (part (b)) thin films is presented. 
These images were acquired under identical imaging conditions with no plasma 
treatment or image processing applied. It can be seen that the image corresponding to 
a P3HT film appears relatively brighter than that of PCBM. This is confirmed 
quantitatively by the histogram distribution of grey levels for each image, presented in 
Figure 8.1(c). Included alongside is the grey level distribution for a beam-blanked 
image. This demonstrates that both films appear brighter than the measured 
background signal and that P3HT appears brighter (average grey level of 191) than 
PCBM (average grey level of 75) when identical microscope brightness and contrast 
settings are used. These observations are consistent with the work of Kishimoto et al. 
who observed that the efficiency of secondary electron emission is linked to the ratio 
of !- bonds to the sum of !- and "- bonds in a molecule 
5
. In particular it was 
observed that materials with a high proportion of ! electrons emit a smaller number of 
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secondary electrons than those with a smaller fraction of ! electrons and would 
therefore appear darker in an HeIM image. 
 
Figure 8.1: Parts (a) and (b) present low magnification HeIM images of as-cast films of P3HT 
and PCBM respectively prior to plasma cleaning. The scale bar represents 500 nm. Normalised 
grey level distributions of each sample are presented in part (c) alongside the measured 
background signal from a beam-blanked PCBM thin film.  
 
!
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In Figure 8.2 a series (parts (a) to (d)) of HeIM images are presented from 
P3HT:PCBM blend (60:40 by wt%) thin films having a thickness of 74 ± 2 nm. In 
parts (e) and (f) control images of pure PCBM and P3HT thin films are shown 
respectively. Prior to imaging, films shown in parts (a) to (c) were annealed at 140˚C 
for 10 minutes in nitrogen. The annealing protocol used in this work is within the 
range commonly used to fabricate efficient P3HT:PCBM OPVs. As discussed in 
chapters 4 to 6, this step promotes phase separation between P3HT and PCBM, 
leading to the formation of apparently semi-crystalline nanoscale domains of these 
materials. All films were also subjected to a plasma etching process that was applied 
for a range of different times. Images shown in Figure 8.2(a) and 8.2(b) correspond to 
samples being exposed to the plasma etch for 3 and 6 minutes respectively, whilst 
films presented in Figure 8.2 parts (c) to (f) were plasma etched for 14 minutes. 
 
As shown in Figure 8.2(a), the annealed P3HT:PCBM blend does not initially show 
any evidence of a phase-separated domain structure. It is possible that this may reflect 
the existence of a 1 – 2 nm thick P3HT wetting layer located at the film surface 
6
 that 
is believed to exist even after a thermal annealing step which encourages PCBM 
migration to the surface 
7
. It is also important to acknowledge that prior to imaging, 
all samples were briefly exposed to air and that HeIM imaging is not conducted under 
ultra-high vacuum. The absence of any spatial variations in contrast from the annealed 
film may therefore arise from a combination of vertical stratification of P3HT and the 
presence of surface contaminants. Previous imaging of a 20 nm thick P3HT:PCBM 
film using energy filtered transmission electron microscopy (EFTEM) was also 
unable to provide images of nanoscale phase separation, with structure only being 
observable in films whose thickness exceeded 100 nm 
8
.  
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Figure 8.2: HeIM images of an annealed P3HT:PCBM blend thin film subject to plasma 
cleaning for a period of (a) 3 minutes, (b) 6 minutes and (c) 14 minutes. The scale bar represents 
150 nm. A thin film of as-cast (unannealed) P3HT:PCBM, subject to 14 minutes plasma 
cleaning is presented in part (d). Thin films of PCBM and P3HT imaged at the same 
magnification as the blends after subject to plasma etching for 14 minutes are presented in parts 
(e) and (f) respectively. 
!
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To determine whether a phase-separated domain structure exists within the bulk of the 
films, a plasma-etching treatment was used to selectively remove material from the 
film surface. The effect of the plasma treatment is immediately apparent as shown in 
Figures 8.2 parts (b) and (c), where a distribution of bright and dark regions is 
observed. This is in direct contrast to the image presented in Figure 8.2(a) of an 
otherwise identical film that was only subjected to a short (3 minutes) plasma etch. 
Using atomic force microscopy (AFM) to measure the thickness of an etched sample 
and a control sample not subject to etching, it was determined that the 14 minute etch 
process removed the top 26 ± 4 nm of the film.  
 
A consequence of the plasma etch is to increase the RMS surface roughness of the 
P3HT:PCBM blend film (as measured by AFM) from 0.7 to 1.5 nm. It is expected 
that surface topography can influence secondary electron emission yield from an 
otherwise chemically homogeneous sample. For example, secondary electron yields 
will be higher from prominent features on the sample surface, as relative less material 
is in the surrounding area to potentially attenuate secondary electron emission. For 
depressed features the opposite will occur. To determine whether the image in Figure 
8.2(c) derives from spatial variations in the chemical composition of the blend film, or 
if it simply reflects variations in surface height resulting from the plasma treatment, 
images of an annealed (Figure 8.2(c)) and an unannealed (Figure 8.2(d)) 
P3HT:PCBM blend film are compared with films of pure PCBM and P3HT (Figures 
8.2(e) and (f) respectively). Despite all samples undergoing the same plasma etch 
process, it can be seen that the corrugated surface observed in Figure 8.2(c) (annealed 
P3HT:PCBM blend) is not observed in either the unannealed blend or in the control 
P3HT and PCBM films, suggesting that the nanoscale variations in secondary 
! "##!
electron emission observed from the annealed blend appear to be intrinsic. For the 
unannealed blend thin film, the lack of any prominent nanoscale structure most likely 
results from the presence of a molecularly mixed morphology. Here, the rapid drying 
time of films cast from a volatile solvent (chlorobenzene) limits the time available for 
phase separation. It is possible that during the course of image acquisition, sputter or 
radiolytic damage by incident He ions may occur. To test the repeatability of the 
measurements, the image acquisition process was repeated for a P3HT:PCBM blend 
thin film, with results in Figure 8.3. As can be seen from the line profiles, acquired 
over an identical area in each scan, the distribution and relative intensity of grey 
levels appears to be consistent, in spite of the slightly increased average intensity that 
may be indicative of damage. To minimise errors as a result of changes in average 
intensity, images used for analysis were always collected from a first scan. In 
addition, auto scaling was used during the image analysis to avoid any influence of 
any average intensity variations between experiments. 
Figure 8.3: Line profiles extracted from HeIM images of a P3HT:PCBM annealed blend thin film. 
Images were acquired in succession and under identical imaging conditions. 
 
!
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To explore further the extent to which variations in the secondary emission yield of 
the annealed P3HT:PCBM sample results from differences in chemical composition 
and not as a result of surface topography, the spatial periodicities present in the HeIM 
image are compared to AFM tapping-mode scans of the same sample recorded over a 
comparable scan area. This data is presented in Figure 8.4. In Figure 8.4(a), line 
profiles taken from an HeIM image averaged over 10 pixels (20 nm) perpendicular to 
the profile axis show grey level (secondary electron) variations that have a much 
higher spatial frequency than variations in height as inferred using AFM as shown in 
Figure 8.4(b). This does not result from the limited lateral resolution of the AFM tip, 
as phase imaging using the same setup shows that finer features can still be resolved 
(see Figure 8.4(c)). The absence of a correlation between height variations seen in 
AFM and features seen in the HeIM image is interpreted as evidence that the HeIM 
images most likely derive from variations in the chemical structure of the film and 
that variations in surface topography have a minimal influence. From the results 
presented in Figures 8.1(b) and (c), the relatively bright areas observed in Figure 
8.2(c) are tentatively ascribed to regions rich in P3HT, with areas that are relatively 
dark to domains predominantly composed of PCBM, with phase separation between 
the materials occurring as a consequence of the thermal annealing process. 
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Figure 8.4: (a) Line profiles of the HeIM image (top), AFM height (middle) and AFM phase (bottom) 
images, illustrating the differences in spatial periodicity measured by the three techniques. AFM height 
(b) and phase (c) images of the annealed P3HT:PCBM blend thin film after 14 minutes of plasma 
etching. The colour scale in (b) is 10 nm. 
!
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SECTION 8.3: CALCULATING THE DOMAIN SIZE IN 
P3HT:PCBM BLEND THIN FILMS FROM HEIM 
MEASUREMENTS 
 
The spatial periodicities present in the annealed blend thin film are estimated by 
calculating the power spectral density (PSD) and autocorrelation function (ACF) 
9
 of 
the image data shown in Figures 8.2 parts (c) and (d), as presented in Figure 8.5. Note 
that a line profile of raw ACF or PSD image data presumes that there is a preferential 
direction of domains along that direction in order for the results to be considered 
representative. It is not possible to make such assumptions based upon the data used 
in this work alone, instead a radial average of the 2D ACF and PSD data is 
considered. As presented in Figure 8.5, both methods suggest a prominent periodicity 
of 20 ± 4 nm for the annealed blend sample. From the ACF data, this value originates 
from the position of the first peak away from the origin, thus representing a measure 
of the average distance between domain centres. In comparison the data 
corresponding to the unannealed sample (Figure 8.2(d)) does not exhibit a clear 
periodicity, in line with expectations. It is apparent therefore that an interface between 
P3HT and PCBM rich regions can be found within ~10 nm of any location of the 
sample area. Although it is not possible to directly compare the apparent domain size 
in this sample with other studies due to differences in sample preparation history, a 
number of small-angle X-ray scattering studies have determined a domain size of 8 to 
18 nm in P3HT:PCBM blends with 40 to 50 wt% PCBM annealed at temperatures 
between 140°C and 150°C 
10
; a result in very good agreement with the value obtained 
here.  
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Figure 8.5: Power spectral density (a) and autocorrelation functions (b) of the annealed and 
untreated sample images presented in Figures 8.2 parts (c) and (d) respectively.  
 
To determine whether the size of PCBM domains can be inferred from secondary 
electron emission, the autoscaled grey level distributions obtained from the HeIM 
images are considered and are presented in Figure 8.6. In Figure 8.6(a), histograms of 
the grey level distribution of the annealed and as-cast blend thin films are shown 
!"#$
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using data extracted from the images presented in Figures 8.2 parts (c) and (d) 
respectively. It can be seen that the distribution of grey levels from the annealed 
sample is bi-modal, whereas an approximately normal distribution is found in the 
unannealed sample. The observation of a normal distribution of grey-levels is also 
found in films of the pure components as shown in Figure 8.6(b). This observation 
suggests a normal distribution of grey levels in the HeIM images corresponds to a 
chemically homogenous sample, or one in which any phase separation occurs at a 
length-scale below the resolution of the instrument. As shown in Figure 8.6(c), data 
from the annealed sample can be deconvoluted into two peaks, the smaller of which 
comprises 18% of the distribution area. As this peak is located towards the low end of 
the greyscale (thus corresponding to areas of a sample with relatively low secondary 
electron emission), it most likely reflects the presence of regions of pure or almost 
pure PCBM in the HeIM image.  
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Figure 8.6: Part (a) shows grey level distributions of the annealed and as-cast blend samples, with part 
(b) showing grey-level distributions for the pure P3HT and PCBM films. Part (c) shows a fit of the 
annealed sample data shown in part (a) to two Gaussian functions. Here, a threshold level defined using 
an arrow is used to create a threshold image as shown in part (d). Black areas in the threshold image 
are attributed to PCBM rich regions. The scale bar represents 150 nm.  
 
The densities of P3HT and PCBM are estimated to be 1.1 g cm
-3
 and 1.5 g cm
-3
 
respectively 
11
. Thus a film composition of 60:40 P3HT:PCBM by wt% corresponds 
to a volume composition of nearly 2:1. Assuming a homogeneous distribution of pure 
domains, the spatial distribution of materials should be in close agreement with the 
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volume composition of the sample, i.e. any image should be composed ~33% PCBM 
by area. Note however that thin film blends of P3HT:PCBM rarely correspond to a 
two-phase system. Rather, in addition to pure, semi-crystalline phases of each 
material, a third phase of PCBM molecules mixed between amorphous P3HT chains 
is also believed to exist 
12
. To estimate the possible size of pure PCBM domains in 
our annealed blend sample, a binary representation of Figure 8.2(c) is produced with a 
threshold set to the peak position of the minor component, as shown in Figure 8.6(c). 
The binary image is shown in Figure 8.6(d), and permits a lower bound of the size of 
the pure PCBM clusters to be estimated, without including a significant fraction of the 
major contribution of the histogram data (which most probably corresponds to the 
remaining two phases within the sample). Particle analysis of the threshold image, 
assuming the entire range of possible circularities and discounting any particles which 
overlap with the edge of the image, suggests a distribution of slightly elongated 
PCBM domains, having an average major and minor axis length that is 12 ± 8 nm and 
6 ± 3 nm respectively. The greater uncertainty in the length along the major axis is a 
reflection of the fact that PCBM domains form clusters, resulting in a nanoscale 
network within the blend instead of a distribution of isolated domains. Note that by 
setting a threshold at the peak of the minor histogram component, the estimate 
suggests that approximately 18% of the total area of the image corresponds to pure 
PCBM. Clearly the choice of a higher threshold would return a higher value of the 
PCBM domain size. Nevertheless, despite such uncertainty, the size of the PCBM 
clusters that can be extracted from the threshold particle analysis is in reasonable 
agreement with the spatial periodicity values determined earlier 20 ± 4 nm and results 
published elsewhere. I concede however that these values must be taken as an 
approximate estimate of the true size of PCBM domains within an annealed 
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P3HT:PCBM blend thin film, as it is not possible to determine with this technique 
alone the relative volume fractions of the pure material and mixed material phases. 
 
Finally, to explore the influence of thermal annealing on the nanoscale morphology of 
P3HT:PCBM blend thin films, a blend sample that has been thermally annealed at 
170°C for 10 minutes was measured using HeIM, with the results presented in Figure 
8.7.  
 
Figure 8.7: (a) HeIM image of a P3HT:PCBM blend thin film annealed at 170°C, where the 
scale bar represents 150 nm. (b) Grey level distribution and (c) power spectrum density of the 
image data.  
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As can be seen in Figure 8.7(a), the HeIM image again shows evidence of phase 
separation, with relatively bright and dark regions being present. The distribution of 
grey levels and the PSD of spatial frequencies are presented in Figure 8.7 parts (b) 
and (c) respectively. The PSD of the image data suggests a length scale for phase 
separation of 23 ± 3 nm, which is comparable to that observed in the sample annealed 
at 140°C. However these regions appear less pronounced, than the sample annealed at 
140˚C (see Figure 8.2(c)), suggesting a weaker degree of phase separation between 
P3HT and PCBM. This observation is supported by a histogram of grey levels that 
does not show a strong bimodal distribution. Scanning electron microscopy (SEM) 
images of a sample that had undergone an identical annealing treatment evidenced a 
large population of micron scale PCBM aggregates that are present on the surface of 
the blend thin film, as shown in Figure 8.8. Upon annealing an identical blend thin 
film at a temperature of 140°C no such structures are observed on the surface of the 
sample. I propose therefore that the presence of micron scale PCBM aggregates in the 
sample annealed at 170°C induces a depletion of PCBM across the bulk of the film. 
Consequently this effect limits the relative purity of the PCBM rich regions observed 
using HeIM at much finer length-scales and explains the relative weakness of phase-
separation observed in Figure 8.7(a). 
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Figure 8.8: Scanning electron micrographs of P3HT:PCBM blend (60:40 wt%) thin films to 
have undergone thermal annealing at 170°C (top) and 140°C (bottom). For both samples the 
annealing time was 10 minutes, followed by a rapid cool to room temperature.  
 
 
!
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SECTION 8.4: CONCLUSIONS 
 
The use of HeIM has been demonstrated to image the nanoscale chemical variations 
in thin film blends relevant to organic optoelectronic devices, using blend thin films 
of P3HT:PCBM as a test system. The results suggest variations in measured 
secondary electron emission (i.e. contrast) from the sample are intrinsic with effects 
resulting from the plasma treatment necessary to access the bulk structure being 
minimal. In a 60:40 (wt%) P3HT:PCBM blend thin film that has undergone post 
deposition annealing at 140°C, the spatial periodicity of the size of phase separated 
domains is estimated to be approximately 20 nm. Additional analysis of the grey-level 
distribution of the HeIM images suggest that PCBM domains are slightly elongated in 
shape and (in the films studied here) have a length of 12 ± 8 nm. These length-scales 
are commensurate with the diffusion length of excitons in P3HT and PCBM and 
therefore provide a partial explanation for why this annealing protocol can be used to 
optimise the power conversion efficiency of P3HT:PCBM OPV devices, as discussed. 
However the fact that in addition to phase separated P3HT and PCBM domains, the 
film will also be composed of amorphous regions that contain mixtures of P3HT and 
PCBM, means that the domain size calculations have to be taken with caution without 
additional supporting evidence. The results demonstrate however that HeIM is a 
promising complimentary technique for the characterisation of organic semiconductor 
thin films. 
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CHAPTER 9: CONCLUSIONS 
 
 
In this thesis, two polymer:PCBM blend systems for OPV applications have been 
studied in order to address how the photovoltaic properties of a blend are influenced 
by film processing conditions. The first system, P3HT:PCBM, is an example of a 
blend where both components have a relatively strong propensity to self-organise. In 
chapter 4, it was shown how the casting process of a P3HT:PCBM blend thin film can 
be monitored in-situ using SE or GIWAXS. Crystallisation of P3HT is found to take 
place only when the total solids concentration in the drying film exceeds a certain 
threshold. Crystallite growth is not a linear process, instead it develops over two 
stages of rapid and slow evolution as the film dries. By comparing data recorded from 
both techniques, the results support a link between the relative degree of crysallinity 
and the strength of the electronic transition in the P3HT absorption spectrum at 600 – 
605 nm. Owing to the favourable photovoltaic characteristics of semi-crystalline 
P3HT, a degree of order is necessary in an OPV blend thin film for efficient device 
operation. From a device study on P3HT:PCBM blend films prepared using different 
solvents, as-cast films with apparently crystalline P3HT are limited in the extent to 
which further improvements in photovoltaic efficiency can be expected. The greatest 
improvements in the photovoltaic efficiency of P3HT:PCBM OPVs are found when 
an as-cast blend film is initially relatively amorphous (and thus shows little initial 
promise) and subsequently subject to solvent vapour annealing and thermal annealing 
protocols. 
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In chapters 5 and 6 the use of thermal annealing as a post film-deposition treatment on 
blend films has been studied. In chapter 5 the motivation was to study the process 
dynamically, using the same methodology as in chapter 4. Using SE, the evolution of 
film thickness and optical extinction coefficient of P3HT:PCBM blend films were 
measured, and it was found that effects relating to residual solvent loss, volume 
relaxation, phase separation and crystallisation could be observed. A key result from 
this chapter was the observation that residual solvent loss can be mediated by 
exceeding the glass transition of the blend. Secondly, a relatively slow cooling rate 
from an isothermal anneal above the blend Tg was found further improve the degree 
of electronic conjugation in P3HT; an effect that had a small positive impact on the 
efficiency of OPVs subject to isothermal annealing at 150
o
C.  
 
In chapter 6, SE was used to determine the glass transition in P3HT:PCBM blend 
films which were prepared in an identical manner to those used in an OPV. This 
approach provided a rational framework with which to further understand the thermal 
annealing process, specifically the minimum temperature needed to alter the 
morphology of the blend films. In a thin film geometry, it was argued that as-cast 
blend films can exhibit two glass transitions, an observation tentatively ascribed to the 
existence of compositionally distinct amorphous phases. It was found that the higher 
temperature Tg closely correlates with the minimum annealing temperature necessary 
to improve the photovoltaic efficiency of an OPV. This reinforced the results of a 
previous study on this system using DMTA, in which it was found that this phase 
transition exists at a higher temperature in films with a greater wt% of PCBM. In 
addition, it was also demonstrated how the optimum annealing temperature for 
highest device efficiency was found to decrease with increased fullerene loading. 
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These trends may help to improve the design of annealing protocols for as yet 
unexplored OPV blends.  
 
In chapter 7 the blend PCDTBT:PC70BM was studied; a system that offers a number 
of advantages over blends of P3HT:PCBM toward the scale-up of OPVs for 
commercial applications. In contrast to P3HT, PCDTBT is largely amorphous. Its 
molecular structure also results in a greater relative solubility of fullerene molecules. 
These characteristics partly rationalise the design rules for maximizing the power 
conversion efficiency of this system, but do not exclude the use of post-treatment 
protocols to further improve device efficiency. Using a similar methodology to 
chapter 6, it was have shown that thermal annealing above the Tg of PCDTBT 
encourages greater disorder in the polymer; an effect correlated with a reduction in 
photovoltaic efficiency in blend OPVs. However, the enhanced thermal stability of 
the blend relative to P3HT:PCBM, highlights the promising nature of this system for 
the potential use in the scale-up OPVs. Furthermore the presence of PC70BM in a 
blend film results in a strong quenching of photogenerated excitons on PCDTBT, in 
addition to a blue-shift in emission wavelength relative to fluorescence from a film of 
pure PCDTBT. This suggests a distinctly different donor phase in these films 
compared to blends of P3HT:PCBM, where relatively pure P3HT domains are 
thought to exist. These observations motivate future experiments using time resolved 
fluorescence spectroscopy, to compare polymer:fullerene blends where the polymer 
may be semi-crystalline or amorphous in nature.  
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A trend in this thesis has been to present new techniques and methods for the 
characterization of blend thin films (for example the use of GIWAXS or SE as 
dynamic probes). This has been shown explicitly in chapter 8, where I have evaluated 
HeIM for imaging P3HT:PCBM thin films. The ability to distinguish materials based 
upon their chemical structure suggests that HeIM is a promising technique to 
compliment other probes of film nanostructure, for example GIXRD. Data has also 
been included in this thesis from Neutron Reflectivity experiments that have probed 
the vertical composition of blend films. Although the technique has only been applied 
here to an optimised blend composition, there is clear potential to probe a broader 
range of parameter space to understand the influence of processing conditions on film 
structure, for example film composition, film thickness and the influence of the 
substrate.  
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APPENDIX 
 
     
Figure A1: Optical Density spectra for a P3HT:PCBM(wt%) blend thin films after annealing. (a) 20wt% 
PCBM, (b) 40wt% PCBM, (c) 50wt% PCBM, (d) 60wt% PCBM and (e) 80wt% PCBM. For clarity, the 
thin films annealed at the other temperatures investigated in this work are not shown.  
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Figure A2: Photoluminescence spectra for a P3HT:PCBM(wt%) blend thin films after annealing. (a) 
20wt% PCBM, (b) 40wt% PCBM, (c) 50wt% PCBM, (d) 60wt% PCBM and (e) 80wt% PCBM. For 
clarity, the thin films annealed at the other temperatures investigated in this work are not shown. 
Presented spectra have been corrected for sample absorption effects. 
 
